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Abstract 
 
 
 
Selective laser melting (SLM) is an additive manufacturing 
technique with which parts of nearly arbitrary shape and 
complexity can be produced.  The parts are generated layer for 
layer directly out of a 3D CAD model completely without forming 
tools. 
 
In this work, the selective laser technique is applied to a CoCrMo 
alloy. Due to its high corrosion resistance, wear-resistance, and 
heat resistance, this alloy is mainly used for medical or high 
temperature applications. 
 
A systematic approach is used to investigate the influence of the 
process parameters laser power and exposure time (pulsed laser) 
on density, melt pool dimensions, melt pool shape, deformation 
due to residual stresses, microstructure, and mechanical 
properties. The density analysis as well as the melt pool analysis is 
carried out by means of optical light microscopy. A qualitative 
method is used to evaluate the deformation due to residual stress. 
The microstructure is evaluated using scanning electron 
microscopy and electron backscatter diffraction. A tensile test is 
performed to evaluate the mechanical properties. 
 
Parts with a density greater than 99% are obtained where the 
volume energy exceeds 61 J/mm³. The melt pools have an elliptic 
shape, a width of 120 to 140 um, and a height of 70 to 80 um, 
depending on the volume energy. So-called twincantilevers are 
used to measure the deformation of builds due to residual stresses. 
The deformation in z-direction is on average 2.1 mm. The 
microstructure consists of elongated grains parallel to the build 
direction with different crystal orientations. Anisotropy is confirmed 
via tensile test. A maximum yield stress of 1000 MPa and tensile 
strength of 1200 MPa are found, while the average yield stress is 
found to be 680 MPa with a tensile strength of 1100 MPa. 
Furthermore, it is established, that the position of the samples on 
the base plate has a huge influence on the density and, hence, the 
mechanical properties. 
 
 
 
Contents  
F:\Studium\Master\Thesis\Text\FINAL\Version 2 
BESSER\Vorlage\4 MS Thesis EN V14 FINAL UTK 
Version2.docx 
Impact of Solidification on Tensile 
Strength of CoCr 2LC in Selective 
Laser Melting
vi 
Table of Contents 
1? Introduction 1?
2? State of the Art 2?
2.1? The SLM Technique 2?
2.2? Generative manufacturing of Co-Cr Alloys and Co-Cr-Mo Alloys 3?
2.2.1? Eligibility of Co-Cr-Mo for the SLM Process 3?
2.2.2? Tensile Strength 3?
2.2.3? Dependence of Tensile Strength From the Position in a Build Chamber 4?
2.2.4? The Relationship of Tensile Strength to Build Angle, Microstructure, and 
Density 4?
2.2.5? Microstructure, Corrosion Behavior, and Hardness 5?
2.2.6? Microstructure, Biocompatibility, and Corrosion Behavior 5?
2.2.7? Metal Powder Materials, Utilized Parameters, and Used SLM Systems 6?
2.2.8? Summary of Literature Review 7?
3? Basics 9?
3.1? Material 9?
3.1.1? Cobalt-Based Alloys 9?
3.1.2? CoCrMo-Alloy According to ASTM F75 Standard 10?
3.1.3? CoCr-2LC Powder according to ASTM F75 Standard 12?
3.2? Residual Stress 13?
3.2.1? Definition 13?
3.2.2? Residual Stresses in SLM 14?
3.2.3? Simplified Theoretical Model 16?
3.2.4? Influence of Process Parameters on the Delay due to Residual Stresses 19?
3.2.5? Interim Conclusion 21?
3.2.6? Influence of Residual Stresses on Mechanical Properties 22?
3.3? Solidification and Melt Pool 22?
3.3.1? Temperature Initiation and Distribution 22?
3.3.2? Solidification Variables 23?
3.3.3? Microstructure in Welding 25?
3.3.4? Melt Pool Shape 27?
3.3.5? Influence of the Microstructure on the Mechanical Properties 28?
3.4? Process Parameters 28?
4? Experimental Procedure and Evaluation 
Methodology 30?
4.1? SLM System 30?
4.2? Strategic Approach 31?
4.3? Section 1: Density and Process Reliability 33?
 
 
 
Contents  
F:\Studium\Master\Thesis\Text\FINAL\Version 2 
BESSER\Vorlage\4 MS Thesis EN V14 FINAL UTK 
Version2.docx 
Impact of Solidification on Tensile 
Strength of CoCr 2LC in Selective 
Laser Melting
vii 
4.3.1? Approach 33?
4.3.2? Sample Dimensions and Sample Preparation 35?
4.3.3? Evaluation Methodology 36?
4.3.4? Interim Results 38?
4.4? Section 2: Melt Pool Shape 38?
4.4.1? Approach 38?
4.4.2? Sample Dimension and Sample Preparation 39?
4.4.3? Evaluation Methodology 39?
4.5? Section 3: Delay Due to Residual Stresses 40?
4.5.1? Approach 40?
4.5.2? Sample Dimensions and Sample Preparation 42?
4.5.3? Evaluation Methodology 43?
4.6? Section 4: Microstructure 44?
4.6.1? Approach 44?
4.6.2? Sample Dimensions and Sample Preparation 45?
4.6.3? Evaluation Methodology 45?
4.7? Section 5: Tensil Test 47?
4.7.1? Approach 47?
4.7.2? Sample Dimension and Sample Preparation 49?
4.7.3? Evaluation Methodology 49?
5? Results 51?
5.1? Section 1: Density and Process Reliability 51?
5.2? Section 2 Melt Pool Shape 55?
5.3? Section 3: Deformation Due to Residual Stress 60?
5.3.1? Deformation of Twincantilevers 60?
5.4? Section 4: Microstructure 63?
5.4.1? Optical Microscopy 63?
5.4.2? Scanning Electron Microscopy (SEM) 63?
5.4.3? EBSD and Grain Size 66?
5.5? Section 5: Tensile Test 71?
6? Discussion, Conclusion and 
Recommendations 76?
6.1? Section 1: Density and Process Reliability 76?
6.2? Section 2: Weld Pool Shape 79?
6.3? Section 3: Deformation due to Residual Stress 81?
6.4? Section 4: Microstructure 87?
6.5? Section 5: Tensile Test 88?
7? Summary 93?
8? Future Work 95?
? List of References 97?
 
 
 
Contents  
F:\Studium\Master\Thesis\Text\FINAL\Version 2 
BESSER\Vorlage\4 MS Thesis EN V14 FINAL UTK 
Version2.docx 
Impact of Solidification on Tensile 
Strength of CoCr 2LC in Selective 
Laser Melting
viii 
? Appendix      102?
A1? Derivation of the Volume Energy for Constant and Pulsed SLM Systems 103?
A2? Real Layer Thickness and Filling Factor 105?
A3? Shape Factors 109?
A4? Experiment Data Sheets 110?
A5? Pictures of Builds 116?
A6? CAD 117?
A7? Measuring Data 121?
? Vita 131?
 
 
 
  
 
 
 
 
Contents  
F:\Studium\Master\Thesis\Text\FINAL\Version 1\Word\3 
MS Figures Tables.docx 
Fehler! Kein Text mit angegebener 
Formatvorlage im Dokument. ix 
List of Tables 
Table 1 Chemical composition of metal powder material for works [5] to [10] ………………...………..…..... 6 
Table 2 Used SLM Systems and parameters for works [5] to [10] .................................................................. 6 
Table 3 Effect of a selection of alloying components in cobalt-based alloys [11] ........................................ 10 
Table 4 Chemical composition for CoCrMo alloys according to ASTM F75 standards [13] ......................... 11 
Table 5 Mechanical requirements for CoCrMo alloys according to ASTM F75 standards [13] [1] .............. 11 
Table 6 Physical properties of CoCr 2LC alloy [14] ....................................................................................... 11 
Table 7 Chemical composition of the used powder [16] ............................................................................... 12 
Table 8 Overview constant process parameters. .......................................................................................... 33 
Table 9 Process parameters used for the first build (corresponds to Figure 17) .......................................... 34 
Table 10 Process parameters found in Section 1 ............................................................................................ 38 
Table 11 Parameter window with parameters used for subsequent experiments .......................................... 54 
Table 12 Max, min, mean and median grain size depending on the laser power (t = 100 μs = const.) ........ 68 
Table 13 Max, min, mean and median grain size depending on the laser power (P = 180 W = const.)........ 70 
Table 14 Comparison of the results by Atsush [8], this work, and the ASTM standards ................................ 92 
Table 15 Determination of the filling factor and the real layer thickness ....................................................... 107 
Table 16 Circularity, roundness and solidity of different shapes ................................................................... 108   
  
  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Contents  
F:\Studium\Master\Thesis\Text\FINAL\Version 1\Word\3 
MS Figures Tables.docx 
Fehler! Kein Text mit angegebener 
Formatvorlage im Dokument. x 
 
 
 
 
 
List of Figures 
Figure 1 Schematic representation of the SLM process [2]……………………………………………………....  2 
Figure 2 Microstructure of CoCrMo alloy according to ASTM F75 standard [15] .......................................... 12 
Figure 3 Superposition of residual stresses of the I., II. and III. kind (modified from [17]) ............................. 13 
Figure 4 Stresses and deformation during heating [26] .................................................................................. 15 
Figure 5 Schematic representation of the delay according to the CDM model (modified from [3]) .............. 16 
Figure 6 Schematic representation of the simplified theoretical model (modified from [27]) ........................ 17 
Figure 7 Stress profile in the base plate and in the part according to the simplified theoretical model [26] 18 
Figure 8 Different scan strategies. ................................................................................................................... 20 
Figure 9 Different methods to reduce the deformation due to residual stresses [26] [29] [30] ..................... 21 
Figure 10 Fusion zone with HAZ and temperature distribution ......................................................................... 22 
Figure 11 Resulting microstructure depending on G and R [33] [34] .............................................................. 24 
Figure 12 Constitutional undercooling of the melt [34] ..................................................................................... 26 
Figure 13 Influence of R and G on the resulting microstructure [34] [35] ........................................................ 27 
Figure 14 Schematic representation of a selection of process parameters in SLM ......................................... 29 
Figure 15 Renishaw AM250 manufacturing system and process chamber [39] [40] ...................................... 30 
Figure 16 Schematic representation of the strategic approach used in this work ........................................... 32 
Figure 17 Arrangement of samples for the parameter variation on the base plate .......................................... 35 
Figure 18 Experimental geometry (left) and cutting plane for analysis (right) .................................................. 36 
Figure 19 Schematic representation of the density analysis with ImageJ ........................................................ 37 
Figure 20 Test geometry for single tracks (left) and preparation for melt pool analysis (right) ........................ 39 
Figure 21 Schematic representation of the weld pool analysis by means of the software Imagej. .................. 40 
Figure 22 Build plate with the samples used in Section 3 ................................................................................ 41 
Figure 23 Schematic view of the Twincantilever approach. .............................................................................. 41 
Figure 24 Schematic view of the Bridge Curvature Method (BCM). ................................................................. 42 
Figure 25 Experimental geometries used in Section 3: Twincantilever (left) and Bridge (right). ..................... 43 
Figure 26 Schematic representation of the evaluation of the twincantilever ..................................................... 44 
Figure 27 Schematic representation of an EDS analysis with measure points ................................................. 46 
Figure 28 Schematic view of grain size measurement with Matlab and ImageJ .............................................. 47 
Figure 29 Arrangement of samples for the tensile blocks on the base plate ................................................... 48 
Figure 30 Schematic view of the tensile blocks and the tensile specimens. .................................................... 49 
Figure 31 Schematic representation of the evaluation of the tensile test.......................................................... 50 
Figure 32 Build used for density and microstructure analysis .......................................................................... 51 
Figure 33 Influence of laser power (left) and exposure time (right) on the relative density. ............................ 52 
Figure 34 Influence on laser power (left) and exposure time (right) vs. height of construction ....................... 53 
Figure 35 Relative density vs. volume energy ................................................................................................... 53  
 
 
 
Contents  
F:\Studium\Master\Thesis\Text\FINAL\Version 1\Word\3 
MS Figures Tables.docx 
Fehler! Kein Text mit angegebener 
Formatvorlage im Dokument. xi 
Figure 36 Collection of cross-sections used for density analysis ..................................................................... 54 
Figure 37 Laser Power vs. melt pool dimensions and melt pool shape (single track) ..................................... 56 
Figure 38 Laser Power vs. melt pool dimensions and melt pool shape (skin track) ........................................ 57 
Figure 39 Characteristic melt pools for single tracks (left) and skin tracks (right)  .......................................... 58 
Figure 40 Comparison of single tracks and skin tracks .................................................................................... 59 
Figure 41 Twincantilever before (left) and after (right) wire EDM ..................................................................... 60 
Figure 42 Influence of volume energy on the deformation in z-direction .......................................................... 61 
Figure 43 Influence of laser power on the deformation in z-direction (t = const. = 100 μs) ............................ 61 
Figure 44 Influence of laser power on the deformation in z-direction (P = const. = 180 W) ............................ 62 
Figure 45 Etched transverse cut of a sample; (P = 180 W and t = 100 μs)    .................................................. 63 
Figure 46 SEM images (z-x-plane and x-y-plane) of parts built with the Renishaw parameter ....................... 64 
Figure 47 Chrome and Molybdenum content of the investigated sample   ...................................................... 66 
Figure 48 EBSD image of inverse pole figure map (t = const. = 100 μs) ......................................................... 67 
Figure 49 Cumulative grain size distribution. Exposure time constant t = 100 μs ............................................ 68 
Figure 50 EBSD image of inverse pole figure map (P = const. = 180 W)......................................................... 69 
Figure 51 Cumulative grain size distribution. Laser Power constant P = 180 W .............................................. 70 
Figure 52 Tensile specimen build after completion and spark formation at a build height of 20 mm ............. 71 
Figure 53 Tensile test results - influence of laser power (t = 100 μs = const.) ................................................. 73 
Figure 54 Tensile test results - influence of build direction (t = 100 μs = const.) ............................................. 74 
Figure 55 Adhesion of two melt tracks and pores ............................................................................................. 77 
Figure 56 Origin of pores with the Renishaw standard parameter ................................................................... 78 
Figure 57 Schematic view of the measurement error due to the point-wise exposure ..................................... 79 
Figure 58 Meld pool shape depending on the direction of the Marangoni convection [34] ............................ 81 
Figure 59 Residual stress distribution of a SLM model according to [28] ........................................................ 82 
Figure 60 Schematic representation of residual stress distribution and resulting force on a twincantilever ... 84 
Figure 61 Binary phase diagrams of Co-Cr and Co-Mo alloys [1] .................................................................... 87 
Figure 62 Position of the tensile blocks on the base plate ................................................................................ 89 
Figure 63 Relative density of the parts 3-0° and 1-0° vs. the build height ....................................................... 90 
Figure 64 Protective glass and build chamber before and after the tensile block build .................................. 91 
Figure 65 Schematic representation of the scan path .................................................................................... 102 
Figure 66 Overview of the derivation of the real layer thickness ..................................................................... 105 
Figure 67 Experiment data sheet corresponding to Experiment 1 (page 1/2) ............................................... 109 
Figure 68 Experiment data sheet corresponding to Experiment 1 (page 2/2) ............................................... 110 
Figure 69 Experiment data sheet corresponding to Experiment 2 (page 1/2) ............................................... 111 
Figure 70 Experiment data sheet corresponding to Experiment 2 (page 2/2) ............................................... 112 
Figure 71 Experiment data sheet corresponding to Experiment 3 (page 1/2) ............................................... 113 
Figure 72 Experiment data sheet corresponding to Experiment 3 (page 2/2) ............................................... 114 
Figure 73 Build 1 -3 .......................................................................................................................................... 115 
Figure 74 Technical drawing of parts used in Experiment 1 .......................................................................... 116 
Figure 75 Technical drawing of parts used in Experiment 2 .......................................................................... 117 
Figure 76 Technical drawing of parts used in Experiment 3 .......................................................................... 118 
Figure 77 Technical drawing of tensile specimen ........................................................................................... 119 
Figure 78 Results from the density study (variation of laser power and exposure time) ................................ 120 
Figure 79 Melt pool area of the single tracks .................................................................................................. 121 
Figure 80 Melt pool width (top) and height (bottom) of the single tracks ....................................................... 121 
 
 
 
Contents  
F:\Studium\Master\Thesis\Text\FINAL\Version 1\Word\3 
MS Figures Tables.docx 
Fehler! Kein Text mit angegebener 
Formatvorlage im Dokument. xii 
Figure 81 Melt pool roundness, circularity and solidity of the single tracks ................................................... 122 
Figure 82 Melt pool area skin tracks ................................................................................................................ 123 
Figure 83 Melt pool width and height of the skin tracks .................................................................................. 123 
Figure 84 Melt pool roundness, circularity and solidity of the skin tracks ...................................................... 124 
Figure 85 Deformation of the twincantilever in z-direction .............................................................................. 125 
Figure 86 Optical light microscope images of the samples included in the parameter window ................... 126 
Figure 87 SEM Images of samples included in the parameter window (laser power variation) .................... 127 
Figure 88 SEM Images of samples included in the parameter window (exposure time variation) ................ 127 
Figure 89 Results of EDS analysis ................................................................................................................... 128 
Figure 90 EBSD unique grain colour maps of samples included in the parameter window .......................... 128 
Figure 91 Stress-strain curves ......................................................................................................................... 129  
         
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Introduction 
C:\Users\Stefan\Desktop\FINAL\4 MS Thesis EN V14 
FINAL UTK Version.docx 
Impact of Solidification on Tensile 
Strength of CoCr 2LC in Selective 
Laser Melting
1 
1? Introduction 
Selective laser melting (SLM) is an additive manufacturing process 
with which complex series components can be created out of 
materials that are identical with the final product. The production is 
carried out layer for layer directly out of a 3D CAD volume model 
completely without forming tools. The layered composition allows 
for great geometrical freedom. For these reasons, SLM offers the 
potential to shorten the time span between the conception and 
manufacturing of components. The inherent potential for cost 
saving in the production of prototypes and small series is of special 
interest to countries with high personnel wages. 
CoCr 2LC is a cobalt-based alloy with very low carbon content. The 
main alloying components are cobalt, chrome, and molybdenum. 
CoCr 2LC is conventionally used for casting or forging and meets 
the ASTM F75 standards for surgical implants. Due to its high 
resistance to corrosion and erosion and its biocompatibility, 
CoCr 2LC has been chiefly implemented in medical technology, for 
example for hip and knee prostheses, bone screws, surgical 
clamps, and the supporting structures for heart valves [1]. 
Previous analyses (see Chapter 2.2) confirm the processability of 
ASTM F75 cobalt-based alloys by means of SLM. Research involving 
pulsed laser in combination with CoCr 2LC is not established. There 
are also no studies pertaining to the influence of the geometry of 
the melt pool on the tensile strength. Furthermore, it is unknown 
how the various process parameters impact the residual stress 
and, hence, the mechanical properties like yield stress and tensile 
strength. 
According to Davis [1], the manufacturing process of CoCr alloys 
has a strong influence on their mechanical properties. This project 
will examine the impact of various process parameters of pulsed 
laser on the geometry of melt pools, the resulting microstructures, 
and their deformation due to residual stresses. Finally, these 
factors will be studied in relation to the mechanical properties. The 
yield stress and tensile strength results achieved through the SLM 
process will be compared with values for conventionally 
manufactured samples in the literature. 
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2? State of the Art 
2.1? The SLM Technique 
The process cycle is schematically represented in Figure 1. The 
geometry of the construction component is derived from the 3D 
CAD model and is by means of software sliced into layers of a 
defined thickness before initiation of the actual manufacturing 
process (A). The construction process is divided into the following 
repeating steps:  
?? Powder application: powder is applied as a defined layer (1) 
?? Selective melting: the powder and a portion of the subjacent 
layer is selectively melted by means of exposure to laser 
radiation (2) 
?? Lowering of the platform: the platform is lowered following 
the selective melting process to enable application of a new 
layer of powder (3) 
 
Figure 1  Schematic representation of the SLM process [2] 
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A comprehensive demonstration of the basic principles of the 
process can be found in [3] and [4], including explanations of the 
process management and important principles pertaining to SLM. 
2.2? Generative manufacturing of Co-Cr Alloys and Co-Cr-Mo Alloys 
A short chronological summary of selected works pertaining to SLM 
and Co-Cr alloys and Co-Cr-Mo alloys, respectively, can be found 
below. The SLM System utilized, the most important parameters, 
as well as the chemical composition of the powder substance used 
is outlined in Table 1. Detailed information can be obtained from 
the respective sources. 
2.2.1? Eligibility of Co-Cr-Mo for the SLM Process 
A Co-Cr-Mo alloy was first examined using SLM within the scope of 
a paper regarding the workability of biocompatible materials in 
2007 by Vandenbroucke and Kruth [5]. 
Objective: Aim of the investigation was to identify parameters for 
the generative construction of dental prostheses and to optimize 
them by means of iterative parameter variations. Assessment 
criteria were density, corrosion behavior (Co-emission/day), and 
surface roughness. 
Results: The generation of samples with a density of >99.9% is 
possible with SLM. The corrosion behavior of the generated parts is 
favorable in comparison with conventionally manufactured parts. 
The surface roughness is dependent on the surface of the 
component examined between Rz = 87 ?m for the top face of the 
part and Rz = 90 ?m for the lateral surface. 
2.2.2? Tensile Strength 
Jevremovic et al focused on the mechanical characteristics of 
samples constructed by means of SLM from a cobalt-based alloy 
F75 for use in dental prostheses [6]. 
Objective: Yield strength (Rp0.2), tensile strength (Rm), and 
elongation (A) were compared with the values for the 
conventionally casted alloy Remanium GM 380+. 
Remanium GM 380+ is also a cobalt-based alloy with a similar 
chemical composition to F75 [6]. 
Results: Tensile specimens taken from F75 produced with SLM 
have a slightly higher yield stress (Rp0.2) (approx. 10% higher); the 
tensile strength is, however, significantly higher (approx. 50%) in 
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comparison to Remanium GM 380+. On average, the tensile 
specimens manufactured via SLM obtained a yield stress of approx. 
700 MPa and a tensile strength of approximately 1400 MPa. 
2.2.3? Dependence of Tensile Strength From the Position in a Build Chamber 
Gatto et al examined the density, tensile strength, microstructure, 
and fracture plane of Co-Cr-Mo samples using a scan strategy 
arranged in bands [7]. The values attained for tensile strength and 
density were compared with values from the literature for 
conventionally manufactured samples and with samples 
manufactured by means of electron beam welding.  
Objective: The aim was to investigate the influence of the scanning 
strategy on the tensile strength from SLM samples. For this 
purpose, samples were constructed at 0°, 45°, and 90° in the x-y 
plain. 
Results: The attained densities are approximately 2.3% less than 
the values available in the literature. Tensile strengths with an 
average of 1290 MPa were attained. The attained values are 
comparable with established values in the literature for electron 
beam welding and surpass those obtained with conventionally 
forged or casted parts. 
2.2.4? The Relationship of Tensile Strength to Build Angle, Microstructure, and 
Density  
Atsushi et al examined the microstructure as well as mechanical 
characteristics, including tensile strength, yield strength, and 
elongation, of the alloy depicted in Table 1 [8]. Furthermore, 
iterative laser output and hatch spacing were varied with the aim 
to generate more dense samples by means of SLM. Tensile 
specimens were built with varying parameters in three different 
angles (0°- parallel to the build direction, 45°, 90°- perpendicular 
to the build direction). 
Objective: The aim was to determine whether samples produced 
with SLM are suitable for dental products. 
Results: It was found that dense samples with a multitude of 
combinations with regard to construction parameters could be 
manufactured as long as a volume energy EV  greater than 
400 J/mm³ was obtained. 
Microstructure analysis by means of SEM showed cellular, dendritic 
growth parallel to the direction of construction with a dominant ? 
Phase (fcc) and a marginal proportion of the ? Phase (martensitic 
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hcp). At the grain boundaries, there were comparatively higher 
values of Cr and Mo measured than at the core. In addition, needle-
like sediments with elevated Cr and Mn content were detected. 
Crystallographic analysis of orientation revealed a preferred 
orientation in the <001> direction (parallel to the direction of 
construction). Tensile testing of SLM samples yielded higher yield 
stress, tensile strength, and elongation. On average, a yield stress 
of 506 MPa was obtained (296 MPa for the cast alloy). The tensile 
strength amounted on average to 928 MPa (591 MPa for the cast 
alloy). The yield strength were highest for samples that were 
located perpendicular to the direction of construction (0°); in 
comparison, the tensile strength is lowest in these cases. 
2.2.5? Microstructure, Corrosion Behavior, and Hardness 
Xian-Zhen et al examined the corrosive characteristics, the Vickers 
hardness, and the microstructure of cobalt-chrome (Wirobond C+) 
samples [9]. Samples were manufactured out of identical materials 
by means of SLM and conventional casting.  
Objective: Corrosive characteristics, surface hardness, and 
microstructure of SLM samples were compared with samples 
manufactured via conventional casting.  
Results: The microstructure of the casted samples exhibited a 
crystalline phase in dendritic alignment, as well as a solid solution 
matrix with the same composition. In contrast, the SLM samples 
demonstrated a columnar, homogenous structure without dendritic 
alignment. The grain boundaries have a similar composition as in 
the grain‘s core. 
The Vickers hardness of the SLM samples was found to be 
significantly higher than in the case of the casted samples. A 
Vickers hardness of 458.3 HV 0.05/10 was obtained in the SLM 
samples, while the hardness of the casted samples was found to be 
385 HV 0.05/10. 
Corrosion tests showed no significant difference between the SLM 
and conventional samples. 
2.2.6? Microstructure, Biocompatibility, and Corrosion Behavior 
Hedberg et all focused on the biocompatibility and corrosion 
behavior of SLM samples [10]. Scan strategies (stripes, rotational, 
non-rotational), scan speeds, hatch spacing, and layer thickness 
were varied, and the CobaltChrome MP1 alloy was compared with a 
CoCrMo casting alloy.  
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Objective: The focus of attention was on the influence of the 
resulting microstructure during the unsteady cooling process on 
the corrosion behavior and the biocompatibility of SLM samples. 
Results: All of the samples manufactured by means of SLM were 
found to be completely dense. All three samples demonstrated a 
finely elongated, columnar microstructure independent from the 
scan strategy utilized. They were primarily composed of ɣ Phase 
(fcc) with a small proportion of the ε Phase (martensitic hcp). The 
grain boundaries have an accumulation of Cr and Mo. In contrast to 
casting alloys, the quick cooling process inherent to SLM prevents 
the formation of carbides. The latter point, as well as the 
accumulation of Mo at the grain boundaries, reduces the 
vulnerability for corrosion in comparison to casting alloys. There 
was little influence of the scanning strategy on the corrosion 
behavior. 
 
2.2.7 Metal Powder Materials, Utilized Parameters, and Used SLM Systems 
The chemical composition of the various powder materials utilized 
in works [5] through [10] are summarized in the following table 
(Table 1). Table 2 shows the utilized construction procedure, as 
well as the parameters employed (insofar that they are known). 
 
Table 1 Chemical composition of metal powder material for works [5] to [10] 
Material Co [%] 
Cr 
[%] 
Mo 
[%] 
W 
[%] 
Si 
[%] 
Mn 
[%] 
Fe 
[%] 
N 
[%] 
Ni 
[%] 
C 
[%] 
O 
[%] 
N 
[%] Source 
Co-Cr-Mo 63 29.53 5 / 1 0.5 0.5 0.3 / 0.17 / / [5] 
F75 Bal. 27-30 5-7 / <1 <1 <0.75 / <0.5 <0.35 / / [6] 
Co-Cr-Mo 59.5 31.5 5 / 2 1 / / / / / / [7] 
Co-29Cr-6Mo Bal. 28.64 5.99 / 0.81 0.49 0.11 / 0.02 0.009 / / [8] 
Wirobond C+ 62.5 26 6 5 Bal. / Bal. / / / 0.16 0.02 [9] 
Cobalt  
Chrome MP1 60-65 26-30 5-7 / <1 <1 <0.75 / <0.1 <0.16 / / [10] 
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Table 2 Used SLM Systems and parameters for works [5] to [10] 
SLM System & 
Company Laser 
Focus  
Diameter 
[μm] 
Layer  
Thickness 
[μm] 
Laser  
Power 
[W] 
Scan  
Speed 
[mm/s] 
Hatch  
Spacing 
[mm] 
Source 
M3 linear 
Concept Laser GmbH 
Nd:YAG 
(cw) 200 40 95 200 0.14 [5] 
N/A 
ReaLizer SLM N/A 150-200 75 N/A 300 N/A [6] 
EOSINT-M270 
EOS GmbH 
Nd:YAG 
(cw) 200 20 200 
up to 
7000 N/A [7] 
EOSINT-M250 X 
EOS GmbH 
Nd:YAG 
(cw) N/A 50 75-200 50 0.1-0.3 [8] 
N/A 
BEGO Medical N/A N/A N/A N/A N/A N/A [9] 
EOSINT-M270 
EOS GmbH 
Nd:YAG 
(cw) N/A 20-40 195 535-800 0.1-0.14 [10] 
 
 
2.2.8 Summary of Literature Review 
The densities of the sample items obtained were close to 100% in 
all of the studies reviewed [5-10]. 
The Vickers hardness of SLM samples exceeds that of the 
conventionally manufactured samples. The potential cause of this 
finding was not named in the literature reviewed [9]. 
Due to the fine grain structure induced through the SLM process, 
greater tensile strengths and higher yield stress are attained than 
in the case of conventionally manufactured samples. A small 
degree of anisotropy can be detected in the SLM samples 
depending on the angle with regard to the direction of construction 
[6-8]. 
The established microstructure consists of very finely granulated   
ɣ Phase with a small proportion of the ε Phase (hcp). The metal 
grains expand columnar in the z direction (build direction). There is 
an accumulation of Cr and Mo in the grain boundaries. One study 
also reported precipitants with an elevated Cr and Mo content [9-
10]. 
The superior corrosion resistance and biocompatibility found in the 
SLM samples in comparison to the conventionally manufactured 
samples results from the high thermal gradient, as well as the 
accumulation of Mo enriched grains. Metal release of carbides and 
the grain boundaries impair corrosion resistance and 
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biocompatibility. Quick cooling rates prevent the formation of 
carbides, and the accumulation of Mo at the boundaries also works 
against metal release [9-10]. 
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3? Basics 
3.1? Material 
3.1.1? Cobalt-Based Alloys 
Cobalt undergoes an allotropic transformation at cool down or 
heating. At temperatures below 417 °C pure Cobalt has a 
hexagonal close-packed (hcp) structure (?-Cobalt). Above 417 °C, 
Cobalt has a face centered cubic (fcc) structure (?-Cobalt). Alloying 
elements like nickel, iron, and carbon act as fcc stabilizers. In 
contrast, chrome, tungsten, and molybdenum are hcp stabilizers 
and have an opposing effect. Due to the slowly proceeding phase 
transformation process, cobalt-based alloys mainly have a 
metastable fcc crystal structure at room temperature. In addition, 
chrome has anti-corrosive effects, because it forms a protective 
passive layer (oxide layer). Furthermore, the elements 
molybdenum and tungsten improve the corrosion resistance of 
cobalt-based alloys [1]. 
In general, cobalt-based alloys are considered to be particularly 
corrosion-resistant, wear-resistant, and heat-resistant. Many of the 
properties of cobalt-based alloys can be attributed to the crystal 
structure of cobalt; the solid solution solidification of chrome Cr, 
tungsten W, and molybdenum Mo; the formation of carbides; and 
the corrosion resistance due to chrome [1]. The effect of certain 
alloying elements are listed in Table 3. 
According to Davis [1] cobalt-based alloys can be divided into three 
categories: 
?? High-carbon alloys developed for high wear resistance 
?? Low-carbon alloys for high temperature applications 
?? Low-carbon alloys developed for high corrosion resistance or 
corrosion- and wear resistance 
The alloy used in this work belongs to the latter of those three 
groups and will be described in more detail in the subsequent 
chapter. Additional information with respect to the other two 
groups can be found in [1]. 
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Table 3 Effect of a selection of alloying components in cobalt-based alloys [11] 
Element Effectiveness 
Fe +  fcc stabilizer 
+ improves the workability of wrought alloys 
-  reduces strength at higher contents 
Ni +  fcc stabilizer 
+  improves the workability of wrought alloys (increases ductility due to 
 higher stacking fault energy) 
-  reduction of strength due to high stacking fault energy 
Cr +  Cr2O3-layer formation; improves the corrosion resistance 
+  carbide former (mainly M23C6) 
-  promotes the TCP (topologically closed packed) phase formation 
Mo +  solid solution hardening 
+  carbide former (M6C) 
-  promotes the TCP phase formation 
- hcp stabilizer 
W +  solid solution hardening 
+  increases the solidus temperature 
+  carbide former (M6C and MC) 
-  promotes the TCP phase formation 
-  hcp stabilizer 
C +  carbide formation 
+  fcc stabilizer 
-  reduction of ductility 
-  reduction of solidus temperature 
Mn +  deoxidized the melt and binds S 
Si +  reduces viscosity  
+  deoxidized the melt 
-  promotes the Laves phase formation, embrittlement 
 
 
3.1.2 CoCrMo-Alloy According to ASTM F75 Standard 
Due to high complexity and the associated expensive machining, 
medical implants of CoCr alloys according to ASTM F75-12 
standards (F = materials for specific applications; 75 = sequential 
number assigned; 12 = year of original adoption) are 
conventionally produced as near net shape by investment casting, 
or, in the case of denture prostheses, milled [12]. 
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The chemical composition and tolerances for CoCrMo alloys 
according to ASTM F75 standards are listed in Table 4. 
 
Table 4 Chemical composition for CoCrMo alloys according to ASTM F75 standards [13] 
 Co 
[%] 
Cr 
[%] 
Mo 
[%] 
Ni 
[%] 
Fe 
[%] 
C 
[%] 
Si 
[%] 
Mn 
[%] 
W 
[%] 
P 
[%] 
S 
[%] 
N 
[%] 
Al 
[%] 
Ti 
[%] 
Comp. Bal. 27-30 5-7 <0.5 <0.75 <0.35 <1 <1 <0.2 <0.02 <0.01 <0.25 <0.1 <0.1 
Tol. - 0.3 0.15 0.05 0.03 0.02 0.05 0.03 0.04 0.005 0.003 0.02 0.02 0.02 
 
 
The mechanical requirements according to ASTM F75 standards for 
CoCrMo alloys are summarized in Table 5. 
 
Table 5 Mechanical requirements for CoCrMo alloys according to ASTM F75 standards [13] [1] 
ASTM 
specification Alloy System Condition 
Yield 
strength 
[MPa] 
Tensile 
strength 
[MPa] 
Elongation 
[%] 
Elastic 
modulus 
[GPa] 
F75 Co-Cr-Mo Cast 450 655 8 248 
 
 
Unfortunately, only little information is available in the literature 
with regard to the physical and thermo-physical properties of 
CoCr 2LC. Therefore, the values given in Table 5 are taken from a 
data sheet [14] devised by the company 3TRPT Ltd. The data is 
based on SLM samples, and the chemical composition of the used 
material corresponds to ASTM F75 standards. 
 
Table 6 Physical properties of CoCr 2LC alloy [14] 
 As built
Coefficient of thermal expansion 20 – 500 °C 500 – 1000 °C 
13.6 · 10-6 m/m°C 
15.1 · 10-6 m/m°C 
Thermal Conductivity at 20 °C typ. 13 W/m°C at 300 °C typ. 18 W/m°C 
at 500 °C typ. 22 W/m°C 
at 1000 °C typ. 33 W/m°C 
Melting range    1350 – 1430 °C 
Density 8.3 g/cm³ 
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The chemical composition of the alloy and the prevailing boundary 
conditions during the casting process, for example the cooling rate, 
have a huge impact on the resulting microstructure. The 
microstructure of ASTM F75 certified casting alloys typically show a 
coarse dendritic fcc (α Phase) matrix with precipitates on the grain 
boundaries and in interdendritic regions (Figure 2a). In the 
interdendritic region and at the grain boundaries are chromium and 
molybdenum enriched M23C6 carbides, as well as a coarse lamellar 
(α(fcc) + M23C6) and a tetragonal intermetallic σ phase (Figure 2b). 
Depending on the alloy composition, M6C carbides and metallic 
inclusions can occur [15]. 
 
Figure 2  Microstructure of CoCrMo alloy according to ASTM F75 standard [15] 
 
3.1.3 CoCr-2LC Powder according to ASTM F75 Standard 
The powder utilized in this work is provided by the company 
Renishaw Ltd. The composition (Table 7) corresponds to ASTM F75 
standards with the exception of a slight increase in sulfur content 
(compare with Table 4), which is outside of the tolerated range. 
The particle size distribution is 15 μm – 45 μm. 
 
Table 7 Chemical composition of the used powder [16] 
Co 
[%] 
Cr 
[%] 
Mo 
[%] 
Ni 
[%] 
Fe 
[%] 
C 
[%] 
Si 
[%] 
Mn 
[%] 
W 
[%] 
P 
[%] 
S 
[%] 
N 
[%] 
Al 
[%] 
Ti 
[%] 
O 
[%] 
Bal. 27.7 5.6 <0.05 0.2 0.03 0.74 0.72 <0.03 0.002 0.002 0.16 <0.01 <0.01 0.02 
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3.2? Residual Stress 
3.2.1? Definition 
Residual stresses are stresses that exist in a material without the 
action of external forces, moments, and temperature gradients. 
Residual stresses can affect the static and dynamic properties of 
the material in two ways, positive and negative. Residual stresses 
can be subdivided into three different inherent stress conditions. A 
distinction is made between residual stresses of the I., II., and III. 
kind. The classification depends on the areas over which the 
residual stress occupies constant values. Residual stresses of the I. 
kind are called macro-residual stresses. Residual stresses of the II. 
and III. kind are called micro-residual stresses and nano-residual 
stresses, respectively. In engineering material, there is always a 
superposition of these three types of residual stresses present 
(Figure 3) [17] [18] [19]. 
?? Residual stresses of the I. kind: act over macroscopic 
distance, meaning over several grains, and is almost 
constant. Arises for example due to thermal causes [20]. 
?? Residual stresses of the II. kind: constant within a grain, but 
may vary from grain to grain. Cause of the residual stress in 
a grain are the different yield strength and different thermal 
expansion coefficients depending on the present phase and 
orientation of the observed grain [20]. 
?? Residual stresses of the III. kind: vary over a few atomic 
distances and are caused by lattice defects such as 
vacancies, interstitials, dislocations and twins [21]. 
 
Figure 3  Superposition of residual stresses of the I., II. and III. kind (modified from [17]) 
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The forces and moments caused by the residual stresses are 
always in equilibrium with each other. In parts in which residual 
stresses of the first kind are present, which results in a change in 
the equilibrium of forces and moments, there are macroscopic 
deviations. This is why residual stresses of the first kind are 
considered the most important from an engineering point of view 
[22]. In the studies to be subsequently described, those 
macroscopic deviations are used to draw conclusions pertaining to 
residual stresses. With a test geometry that has been developed 
for this particular reason (Twincantilever) and a subsequent 
change in the equilibrium of forces and moments, a delay in the 
test geometry will occur. Due to the magnitude of the delay, 
qualitative conclusions about the previously present residual stress 
state can be drawn. 
3.2.2? Residual Stresses in SLM 
The origin of residual stresses in SLM are due, in the first place, to 
constrained shrinkage of the cooling melt pool and the surrounding 
material. The high temperature gradients present in the SLM 
process instigate, similar to conventional welding, the formation of 
residual stresses [23]. It is generally believed that a low thermal 
conductivity leads to high residual stresses in SLM. Due to low 
thermal conductivity, the heat can only be dissipated very slowly, 
which leads to high thermal gradients and, hence, to high residual 
stresses [24]. Similarly, a high thermal expansion results in high 
residual stress, because while the shrinkage during cooling is very 
large, it is constrained by the underlying layers that have already 
been solidified (see cool-down phase model below) [25]. Attempts 
to prove both phenomena experimentally are described in [25]. A 
clear correlation between thermal conductivity and thermal 
expansion coefficient and residual stress, however, was not 
identifiable. It should be mentioned that some of the samples used 
in [25] showed a very heavy crack and pore formation. Hence, it is 
questionable to what extent the residual stress measurement of 
these samples is reliable. 
A vivid and very intuitive explanation of the formation of residual 
stresses in the SLM process can be explained with the so-called 
“temperature gradient model” [26] [27] and the “cool-down phase 
model“ [26] [27] [3]. 
Temperature Gradient Model (TGM): The TGM model is based on 
large temperature gradients in the beam-material interaction zone. 
According to the TGM model, material is heated locally by the 
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exposure of the laser beam. This results in the expansion of the 
heated material. The expansion is hampered by the colder 
material. The result is a region exposed to compressive stress 
(Figure 4a). If the compressive stress exceeds the yield point of the 
material, the expansion takes place partly plastically and partly 
elastically. After the exposure process, cool down takes place, and 
thereby shrinkage of the material occurs. The shrinkage is hindered 
by the plastic deformation which previously occurred. This results 
in a zone of tensile stress in the previously exposed zone (Figure 
4b). Since the equilibrium of forces and moments must be met, 
there is compressive stress present in the edge region [26] [27]. 
 
Figure 4  a) Top: stresses and deformation during heating [26] 
b) Top: stresses and deformation after heating [26] 
a) and b) Bottom: simplified representation of stress and strain in the irradiated zone [26] 
 
Cool-down Phase Model (CDM): Due to the layer-by-layer stepwise 
building process, the currently exposed layer n has a different 
temperature than the underlying previously exposed layers. The 
shrinkage of the last exposed layer is hindered by the underlying 
layers; there is no free contraction possible. The result is a delay 
a b
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due to tensile stress (Figure 5). The deformation of the part is 
always oriented in the z-direction [26] [27] [3]. 
 
Figure 5  Schematic representation of the delay according to the CDM model (modified from [3]) 
 
3.2.3? Simplified Theoretical Model 
To calculate the residual stress distribution in SLM, Mercelis and 
Kruth [27] and Shiomi at al [28] developed simplified mathematical 
models based on the CDM. Due to a few minor errors in [27] and 
the, therefore, difficult comprehensibility of the results, the basic 
principles of the simplified theoretical model are explained in this 
chapter. Firstly, the simplified theoretical model according to [27] 
is described. 
A SLM part of height hp is built layer-by-layer on a base plate of 
height hb. The layer thickness of the last solidified layer is t (Figure 
6, left). After the layer has been exposed, it cools down from the 
melting point to room temperature and shrinks. Thereby, tensile 
stress is generated in the part, as well as a compressive stress on 
the upper side of the base plate and a tensile stress in the lower 
part of the base plate. With each newly applied layer, a new stress 
profile will be induced into the base plate and in the underlying 
solidified layers (Figure 6, right). In addition, the following 
additional assumptions are made: 
no?adhesion?between?layers adhesion?between?layers
cool?down?to?equilibrium?temperature
? =?0 ? >?0
layer?n?with?temperature?T(n)
layer?n?1?with?temperature?T(n?1)
T(n)?>?T(n?1)
free?contraction?due?to?temperature?difference? no?free?contraction?due?to?adhesionbetween?layers??>?stresses
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?? The induced stress in the last exposed layer is equal to the 
yield stress Y, since the stress resulting from the shrinkage 
(?th = ??T) would exceed the yield strength of the material. 
?? The stress in x-direction is independent of the y coordinate. 
?? The classical beam bending theory (Euler-Bernoulli) holds 
true. 
?? There are no external forces. 
 
Figure 6  Left:  Schematic representation of the SLM part on a base plate (modified from [27]) 
  Right: Illustration of the resulting stress profile (modified from [27]) 
 
For each layer a linear stress function (Formula 3.1) is applied. 
3.1 
 
 ?????? ? ?? ? ? 
The equilibrium of forces and moments must be met at any time. 
Also, no external forces are applied. 
3.2 
 
 ????????? ? ? 
3.3 
 
 ?????????? ? ? 
The unknown coefficients a and b in Equation 3.1 can be calculated 
by plugging Equation 3.1 in Equation 3.2 and 3.3. The parameter 
hb
hp
t
Z
Y
X
Z’
Y
X
base?plate
first?layer
second?layer
hp
t
t first?layer
base?plate
Z
Z
Y?+???2(z)
Y
Y
??1(z)?=?az?+?b
??1(z)?+???2(z)
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m = Ebwb / Epwp in Equation 3.4 and 3.5 takes the different Youngs 
moduli of part and base plate into account. 
3.4 
 
 
? ???? ? ???? ? ? ??? ? ???? ? ? ???? ? ?
???????
?????
?????
??
??
?
 
3.5 
 
 
? ???? ? ????? ? ? ??? ? ????? ? ? ????? ? ?
???????
?????
?????
??
??
?
 
 
The coefficients a and b from Equation 3.1 follow by simultaneous 
solution of Equation 3.4 and 3.5: 
3.6 
 
 
? ? ?????
?????? ? ???? ? ??? ? ??? ? ????
??????? ? ??? ? ????? ? ???????? ? ???????
 
3.7 
 
 
? ? ???
????? ? ??????? ? ?????? ? ?????? ? ?????? ? ???? ? ????
??????? ? ??? ? ????? ? ???????? ? ???????
 
 
This calculation process is repeated again successively for each 
layer. The consequence is that for each new layer a stress 
increment is induced in the base plate as well as in the underlying 
layers. The result is a compressive stress in the upper part of the 
base plate and a tensile stress in the lower part (Figure 7). In the 
SLM part a stepwise stress distribution is introduced, wherein the 
maximum stress is always in the top layer due to the assumptions 
previously mentioned (Figure 7). 
 
Figure 7  Example of a stress profile in the base plate and in the part according to the simplified 
theoretical model [26]  
a)? Residual stress after adding two layers on the base plate 
b)? Residual stress in a part after melting more or all layers 
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This residual stress profile was experimentally confirmed in the 
works of Mercelis and Kruth [27] and Shiomi et al [28]. In addition, 
the influence of the height of the substrate plate and the number 
of melted layers on the residual stress field was examined. 
Furthermore, the effect on the residual stress field of separating 
the printed part from the base plate was studied. 
3.2.4? Influence of Process Parameters on the Delay due to Residual Stresses 
In Kruth et al [26], Over [29], and Buchbinder et al [30], the 
influence of different scan strategies and process parameters on 
the deformation in z-direction of printed parts due to residual 
stresses is investigated. The materials used in the studies are Ti-
6Al-4V [26], X38CrMoV5-1 [29], and AlSi10Mg [30]. The exact 
composition of the utilized powder materials as well as further 
process conditions can be reviewed in [26], [29], and [30]. 
Influence of Scan Strategy: 
?? Scan vector length and orientation: According to Kruth et al 
[26], the shorter the scan vector, the shorter the resulting 
deformation due to smaller temperature gradients. By 
shortening the scan vector to 10% of the original length 
(from 20 mm to 2 mm), a reduction of the deformation by 
13% is achieved. Also, the orientation of the scan vectors 
has an impact on the deformation of the printed parts. The 
deformation can be significantly reduced (by about 59%) by 
a scan vector orientation in y-direction (Figure 8a, left) 
compared to a scan vector orientation in x-direction (Figure 
8b, left). It should be noted that a change of the scan vector 
orientation only moves the problem to a different axis. The 
alternation of scan vectors layer-by-layer (Figure 8b and c 
alternating) leads as well to a significant reduction of the 
deformation by approximately 47% [26]. Nearly identical 
results were obtained in [29]. Here, a reduction of 
approximately 53% was achieved with scan vectors in x-
direction compared to parts built with scan vectors oriented 
in y-direction. Due to an alternating scan strategy, a 
reduction in deformation of approximately 44% is achieved 
[29]. 
?? Island Scanning: Another way to reduce residual stresses in 
SLM, according to Kruth et al [26], is a scan strategy named 
“island scanning” (Figure 8, right). The size of the island has 
no significant effect on the deformation. A rotation of the 
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scan vectors by 45° causes again a reduction in deformation 
in z-direction by approximately 36% [26]. 
?? Post Scanning: Repeated exposure of the last solidified layer 
causes a reduction in deformation in z-direction to a 
maximum of 6-8%. At low scan speeds, a minimal reduction 
of the deformation in z-direction is achieved [26]. 
 
Figure 8  Left:  different orientation of scan vectors. 
  Right: isle scan strategy 
 
Influence of Scan Parameter: 
?? Preheat: A preheat temperature of 180°C causes a reduction 
of the deformation in z-direction by approximately 10% for 
Ti-6Al-4V according to Kruth et al [26]. Per Buchbinder et al 
[30], the deformation in z-direction of SLM samples built out 
of AlSi10Mg can be completely eliminated at a preheat 
temperature of 250°C. 
?? Layer thickness: By increasing the layer thickness from 30 to 
100 ?m, the deformation in z-direction can be reduced by 
72% [29]. However, the validity of this test must be 
questioned, because process parameters such as the laser 
power and scan velocity employed were kept constant. At 
the same time, the layer thickness is increased, which leads 
to a significant reduction in the volume energy. 
Consequently, the porosity of the components increases. 
According to Vrancken et al [25], pores are stress-free areas 
that contribute to the relaxation of the component. 
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?? Laser Power: By increasing the laser power from 60 to 90 W, 
the deformation in z-direction can be reduced by 28% [29]. 
?? Scan Speed: Increasing the scan speed from 50 to 200 mm/s 
results in no significant reduction in the deformation in z-
direction [29]. 
3.2.5? Interim Conclusion 
The parameters, strategies, and their potential to reduce the 
deformation in z-direction due to residual stresses in SLM as used 
in works [26], [29], and [30] are grouped in Figure 9. Each graph 
shown in the diagram in Figure 9 is related to a different reference 
value, which makes the comparison of the potential each method 
has to reduce residual stresses very difficult. Nevertheless, Figure 
9 gives a nice overview of different methods to reduce residual 
stresses. A depiction of the effect of scanning vector orientation 
and layer thickness is omitted here due to the problems described 
above. Furthermore, as scan velocity has only a minor impact on 
the deformation in z-direction caused by residual stresses, it is not 
presented in the diagram.  
 
Figure 9  Comparison of different methods to reduce the deformation in z-direction due to residual 
stresses (with data from [26], [29], and [30]). 
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3.2.6? Influence of Residual Stresses on Mechanical Properties 
As previously mentioned, residual stresses can affect the material 
properties in a positive way but also in a negative way. According 
to Künne [31], residual stresses mostly have a negative effect on 
material properties. If residual stresses in a part, for example, are 
just below the tensile strength, no macroscopic cracks are visible. 
Nevertheless, the existence of residual stresses in a part causes a 
reduction of loading capacity. The applied external stress may then 
be a maximum of ????? ? ???? ? ?????????? so that no plastic 
deformation takes place. By looking at the equation, one 
recognizes the positive impact residual stresses could have, if 
residual stresses point in the opposite direction of the load.  
3.3? Solidification and Melt Pool 
3.3.1? Temperature Initiation and Distribution 
During welding, as is the case with SLM, the material is locally 
melted. Both the weld zone and the adjacent area of the material 
are thermally affected. This causes a change in the microstructure 
of the material. Depending on the prevailing temperature and 
microstructure that is established, three regions can be 
distinguished: melting zone, heat-affected zone (HAZ), and 
thermally unaffected base material (Figure 10). In contrast to 
conventional welding, the entire part in SLM consists of weldment. 
Hence, unaffected base material is not present in SLM. The 
temperature distribution across the weld depends on the type of 
welding method (in SLM: pulsed or constant laser source), as well 
as on the energy introduced into the powder bed. The heat energy 
introduced into the material depends largely on process 
parameters such as laser power and scan velocity [23] [32]. 
 
Figure 10 Fusion zone with HAZ (left). Temperature distribution across the fusion zone HAZ (right) 
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3.3.2? Solidification Variables 
Due to the similarity between conventional welding and SLM, weld 
parameters such as solidification front growth rate, temperature 
gradient, cooling rate, and undercooling can be transferred from 
conventional welding to SLM. The resulting microstructure can be 
conditionally compared with that of a cast structure [33]. These 
parameters will be briefly summarized. The reader can find a more 
detailed description of the metallurgy of welding in the work of 
David and Vitek [33] and Schulze [34]. 
Solidification front growth rate R: The solidification front growth rate 
is the velocity with which the liquid-solid interface proceeds. The 
solidification growth rate is closely related to the scan velocity and 
has a big influence on the resulting microstructure. The 
relationship between the feed direction and scan speed of the heat 
source is: 
3.8 
 
 ??? ? ?????? ? ?? ? ?????????? 
where ? is the angle between the surface normal of the molten 
material and feed direction (Figure 11a). Consequently, the result 
is a varying solidification front growth rate as a function of the melt 
pool shape and, thus, a varying microstructure (Figure 11b). 
According to Figure 11c, R increases from the melt pool boundary 
until R reaches the value of the feed velocity v (? = 0). 
Accordingly, the solidification front growth rate R is zero at points A 
and B and reaches a maximum at point C (Figure 11) [33] [34]. 
Temperature gradient G: In addition to the solidification front 
growth rate, the temperature gradient plays a critical role in the 
resulting microstructure. It is very difficult to measure the 
temperature gradient in a weld. The temperature gradient depends 
mainly on the material used, the introduced heat, the welding 
technique, and the position within the weld [33]. According to 
David and Vitek [33], the temperature gradient increases if:  
?? the thermal conductivity is decreasing [33]. 
?? the introduced energy density increases [33]. and/or 
?? the introduced heat decreases [33]. 
According to Figure 11, the temperature gradient G, in contrast to 
the solidification front growth rate, reaches its maximum at the 
 
 
 
Basics 
C:\Users\Stefan\Desktop\4 MS Thesis EN V14 FINAL UTK 
Version2.docx 
Impact of Solidification on Tensile 
Strength of CoCr 2LC in Selective 
Laser Melting
24 
fusion line and has its minimum in the middle of the weld seam 
[34]. 
Cooling rate??? : The cooling rate is the product of solidification front 
growth rate R and temperature gradient G [33]. 
Undercooling ?T: Undercooling is defined as the difference between 
the liquidus temperature of the material and the actual 
temperature of the material [33]. The undercooling will be 
discussed in more detail in Chapter 3.3.3. 
The material-related parameters in SLM cannot be affected much if 
at all. Hence, various process parameters must be changed to 
influence the microstructure during solidification. Figure 11b shows 
the resulting microstructures depending on the temperature 
gradient and the solidification front growth rate R. 
 
Figure 11 a) Solidification front growth rate at selected points [33] 
   b) Resulting weld metal microstructure due to varying solidification front rates [33] 
   c) Distribution of the parameter R/G along a isothermal line [34] 
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3.3.3? Microstructure in Welding 
According to Roos and Maile [22] the activation energy ?G 
(Equation 3.9) has to be met in order to start nucleation in the 
melt. 
3.9 
 
 
?? ? ?????
? ???
??????????
?? ? ? ??? ? ? ???? ?? 
 
where Tm is the equilibrium melting temperature, ?Hm is the latent 
heat of melting, ?T is the undercooling, and ? is the contact angle 
due to surface tension between melt and substrate. As the 
substrate in SLM usually consists of the same material as the weld 
metal, the contact angle ? becomes zero. Correspondingly, the 
nucleation energy ?G becomes zero as well. Hence, the nucleation 
in the weld occurs without the expenditure of the nucleation 
energy. The crystal nuclei arrange themselves according to the 
grains of the substrate materials (epitaxial grain growth) [23] [33] 
[34]. 
 During welding, prevailing conditions like 
-? high temperature gradients, 
-? overheating of the melt pool, 
-? relatively small melt pool, 
-? high solidification front growth rates and 
-? non-uniform distribution of alloying elements, 
are present and make a comparison with other solidification 
processes almost impossible. During cooling of the weld, the 
present segregation processes and solidification structures can be 
related to the undercooling. The constitutional undercooling of the 
melt pool results from a shift in concentration of alloying elements 
during solidification [23]. 
The solidification processes in welding can be explained by means 
of phase diagrams. If the temperature of the melt falls below the 
liquidus temperature T0, the composition L1 separates solid 
solution with a low B content c1 (Figure 12a). The B atoms 
remaining in the melt are not distributed evenly in the liquid 
material immediately. Thus, the melt in the region of the phase 
boundary gets enriched with B atoms (Figure 12b). The B content 
of at the phase boundary drops from cs to c0. The result is a 
continuous decrease in the liquidus temperature (Figure 12a). 
Consequently, the actual temperature TReal in the melt pool 
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substrate interface region ?x is lower than the liquidus 
temperature TLi. The melt pool is therefore undercooled in the area 
?x. The undercooling resulting from the dissolution is called 
constitutional undercooling. Since the temperature falls below the 
liquidus temperature, a spontaneous nucleation can take place in 
the area ?x. This is called epitaxial growth [23] [33] [34]. 
 
Figure 12 Constitutional undercooling of the melt [34] 
a)? phase diagram of a two component alloy 
b)? trend of the concentration c of the element B at the phase boundary 
c)? trend of the temperature in the range of the phase boundary 
 
The constitutional undercooling depends to a great extent on the 
solidification front growth rate R and on the temperature gradient 
G. Based on the magnitude of G and R, significantly different 
microstructures can occur. If the solidification front proceeds very 
slowly, more B atoms can be dissipated in the melt by diffusion. 
This means that at a low solidification front growth rate the 
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constitutional undercooling is minimal and at a high solidification 
front growth rate the undercooling reaches a maximum. In 
addition, the undercooled region increases in the case of smaller 
temperature gradients (Figure 13 right). For example, at high 
temperature gradients and with only a small amount of dissolved 
alloying elements, there is no undercooled region. The 
consequence is a planar solidification front (Figure 13). Small 
constitutionally undercooled regions favor the formation of directed 
cell structures (Figure 13). As the magnitude of the constitutional 
undercooling rises, dendritic structures are more pronounced 
(Figure 13) [23] [33] [34]. 
 
Figure 13 Influence of solidification growth rate R and temperature gradient G on the nature of the 
resulting microstructure [34] [35] 
 
3.3.4? Melt Pool Shape 
According to Yadroitesev et al [36] and Verhaeghe et al [37], the 
shape of the melt pool has a significant influence on the resulting 
microstructure and, hence, on the mechanical properties. The melt 
pool depth and the melt lens dimensions can be affected by the 
means of variation of the energy input in the powder, i.e. by means 
of variation of process parameters. Preheat temperature, laser 
power, and scan velocity have the greatest impact on the melt lens 
shape. The higher the volume of energy input, the higher are the 
melt pool depth and width [36] [37]. This means that melt pool 
width and melt pool depth increase by increasing the preheat 
temperature or the laser power or by decreasing the scan velocity. 
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3.3.5?  Influence of the Microstructure on the Mechanical Properties 
The solidification process influences the resulting mechanical 
properties significantly. In contrast to the irrevocable material 
composition, the solidification process can be influenced by the 
means of process parameter variation. Depending on the 
solidification process, different grain sizes and shapes occur. 
Furthermore, the solidification process influences the formation of 
precipitates and other lattice defects. 
In the reviewed literature, comparable or better tensile strength 
properties are achieved with SLM specimens despite high 
anisotropic material properties. According to Kempen et al [38], 
this is due to the fine grain structures present in SLM specimens. 
3.4? Process Parameters 
The main focus in this work lies on the process parameters laser 
power PL and exposure time t, or scan velocity. As well as on the 
volume energy, which is decisively determined by the last latter 
two parameters. The volume energy EV is calculated as follows 
according to Equation 3.10 (derivation in Appendix A1). 
3.10 
 
 ?? ?
?? ? ?
?? ? ?? ? ??
 
where: Ev  volume energy 
PL  laser power 
DS  layer thickness 
?y  hatch spacing 
?x  point distance 
The parameters occurring in Equation 3.10 and other important 
parameters are briefly explained in the upcoming Chapter. 
Scan strategy: The exposure mode "stripes" is used in this study for 
the scan strategy. Thereby, the part is divided into stripes in which 
the width is defined by the scan vector length (Figure 14). After 
each layer is exposed, the strips rotate by 65°. 
Laser power PL: The laser power is the power that is provided to 
melt a powder layer. The maximal laser power of the SLM system 
used for this study (Renishaw) is 200 W. 
Exposure time t: The exposure time is the time that the laser beam 
stays at a certain point. 
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Hatch spacing ?y: The distance between two adjacent scan vectors 
(Figure 14). 
Point distance ?x: The distance between two exposure points 
(Figure 14). 
Layer thickness Ds: The layer thickness is determined by the 
amount by which the substrate plate is lowered before the 
exposure begins. The laser exposure causes the power layer to 
melt, and the resulting density approaches approximately 100%. 
Consequently, the height of the melted layer compared to the 
powder layer is smaller. Accordingly, when applying the next layer, 
the powder layer thickness increases. The so-called “real” layer 
thickness is calculated according to Meiners [3] by Equation 3.11. 
The derivation of this equation is presented in Appendix A2. The fill 
factor required for Equation 3.11 is determined experimentally 
(Appendix A2). For this reason, this work will distinguish between 
layer thickness z = Ds (determined by the software and the amount 
by which the build platform moves down each layer) and real layer 
thickness dreal (depends on the filling factor of the used powder): 
3.11 
 
 ????? ?
?
? 
where: dreal real layer thickness 
  z  amount by which the build platform moves down  
  a  filling factor of a powder layer 
Contour: The Contour exposure (Figure 14) primarily serves to 
improve the surface quality of generated parts. The contour 
exposure is mostly active in this work but not decisive. 
 
Figure 14 Schematic representation of a selection of process parameters in SLM  
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4? Experimental Procedure and Evaluation Methodology 
4.1? SLM System 
All experiments in this study were performed on the commercially 
available SLM machine Renishaw AM250 from the company 
Renishaw plc (Figure 15). The system is equipped with a pulsed 
(TTL trigger) SPI redPOWER ytterbium fiber laser, which has a 
nominal laser power of 200 W and beam diameter of 70 ?m in 
focus. The wavelength is 1071 nm. The building area has a volume 
of 245x245x300 mm³ (X, Y, Z) and is equipped with a heater with a 
heat output of max 150°C. The building process takes place at an 
inert gas atmosphere (inert gas: Argon – 5 ppm or 99.9995% 
purity). The powder is applied by a silicon rod [39]. 
 
Figure 15 Left:  Renishaw AM250 manufacturing system [39] 
  Right: Process chamber [40] 
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4.2? Strategic Approach 
A schematic representation of the experimental line of action is 
presented in Figure 16. Basically, the work can be divided into five 
sections: 
Section 1: First of all, a parameter window is detected with 
which it is possible to produce parts with a density of 
99 – 100%. Concurrently, the parameters have to be process 
capable, which means that extensive warping my not occur 
during the build process. The results of Section 1 provide the 
basis for all subsequent sections. 
Section 2: The influence of the process parameters found in 
Section 1 on the deformation in z-direction in 3D printed parts 
due to residual stresses is investigated qualitatively. This study 
uses experimental geometries developed especially for this 
purpose. 
Section 3: Using the process parameters found in Section 1, 
single tracks are created to investigate the melt pool shape and 
dimensions. 
Section 4: Section 4 involves the analysis of the microstructure 
of the parts built with the process parameters found in 
Section 1. 
Section 5: Finally, the parameters found in Section 1 are used to 
generate tensile specimens to evaluate the mechanical 
properties yield stress, tensile strength, elongation, strain 
energy. An attempt is made to find a connection between the 
mechanical properties and melt pool shape or microstructure. 
The Renishaw AM250 system enables broad user freedom in which 
a multitude of parameters can be varied. The parameters that can 
be held constant across all experiments are subsequently listed. 
The experimental methods, geometry build, and the evaluation will 
be discussed in detail in the following sections. 
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Figure 16 Schematic representation of the strategic approach used in this work 
 
In order to keep the deformation in z-direction induced by process-
related residual stresses marginal, all build constructions are 
conducted at a preheat temperature of TV = 150°C. The layer 
thickness is held unchanged at a constant 30 ?m. The scan 
strategy implemented is “stripes“. In this case, the stripes have a 
width of 5 mm, and the individual stripes overlap one another by 
0.05 ?m. The hatch spacing is 125 ?m. The spacing between the 
individual weld points is 70 ?m. The processing is performed 
exclusively with a focused laser beam, whereby the focus offset is 
0 ?m. The inert gas implemented is Argon. Table 8 depicts an 
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overview of the constant parameters utilized in this study. The 
substrate material is steel (A36). 
 
Table 8  Overview constant process parameters 
Constant Parameters?
Preheat Temperature TV? 150 °C?
Layer thickness DS? 30 ?m?
Stripe width? 5 mm?
Stripe overlap? 125 ?m?
Hatch overlap? 125 ?m?
Point distance? 70 ?m?
Focus offset? 0 ?m?
 
 
4.3? Section 1: Density and Process Reliability 
4.3.1? Approach 
In the first section of this work, a process window will be detected. 
The goal is to find a variety of parameter combinations that allow 
one to reliably build dense parts.  
The boundary conditions for the process window are determined as 
follows. Dense samples per definition have a density > 99%. The 
assessment of the process reliability is carried out by visual 
inspection. Process parameters are said to be unreliable if parts of 
a sample built with those parameters are not completely covered 
after the powder application. Warping during the building process 
can cause serious damage to the slider and can lead to abortion of 
the build process. Personal experience has shown that warping 
intensifies at overhang areas or sharp edges; hence, if warping 
occurs with simple cubic geometries such as those used in this 
section, it will probably be impossible to build complex geometries. 
Therefore, process parameters which lead to a sample with a 
density > 99 % or warping that could potentially damage the slider 
are discarded for all further investigations. 
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The density evaluation of the samples is assessed using cubic test 
geometries, which are built with supports on the substrate plate 
(Figure 17). Laser power PL and exposure time t are varied 
successively. Initial and final values for PL and t are selected so that 
a minimal volume energy of 60% E0 as a lower limit and maximum 
volume energy of 140% E0 as an upper limit are achieved. Here, E0 
is the volume energy that is achieved with the process parameter 
provided by Renishaw. The Renishaw parameters will henceforth 
be referred to as standard parameters and are listed in Table 9. 
In the first variation series, the volume energy is gradually 
escalated by increasing the exposure time from 60 to 140 μs by 
increments of 10 μs. The laser power remains constant 
(PL = 180 W). The experimental geometries of this test series are 
called T1 – T9 and are marked red in Figure 17. In the second 
variation series, the volume energy is gradually escalated by 
gradually increasing the laser power from 100 W to 200 W in 
increments of 20 W. This time, the exposure time remains constant 
(t = 100 μs). In this case, only a maximum volume energy of 
110% E0 can be achieved, since the maximum laser power 
provided by the Renishaw machine is 200 W. The experimental 
geometries of this test series are called P1 – P6 and are marked 
green in Figure 17. The process parameters used for all of the 
variation steps are listed in Table 9. The corresponding experiment 
data sheets, as well as pictures of all the builds can be found in 
Appendices A4 and A5. All test geometries are built twice to ensure 
reserve for the case it is needed.  
 
Table 9:  Process parameters used for the first build (corresponds to Figure 17). 
Nr. E [J/mm³] 
≈E 
[% E
0
] 
t
exp
 
[ms] 
P
L
 
[mm] Nr. 
E 
[J/mm³] 
≈E 
[% E
0
] 
t
exp
 
[ms] 
P
L
 
[mm] 
T1 41.1 60 60 180 P1 38.1 60 100 100 
T2 48.0 70 70 180 P2 45.7 70 100 120 
T3 54.9 80 80 180 P3 53.3 80 100 140 
T4 61.7 90 90 180 P4 61.0 90 100 160 
T5 68.6 100 100 180 P5 68.6 100 100 180 
T6 75.4 110 110 180 P6 76.2 110 100 200 
T7 82.3 120 120 180      
T8 89.1 130 130 180      
T9 96.0 140 140 180      
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Figure 17 Arrangement of samples for the parameter variation on the base plate 
  Red:  Exposure Time variation, PL = const. 
  Green:  Laser Power variation, t = const. 
 
4.3.2? Sample Dimensions and Sample Preparation 
The experimental geometries are 10x10x10 mm³ cubes built on 
4 mm supports (Figure 18). Since preheat is used, the supports 
possess comparatively large wall thickness to ensure best possible 
heat transfer between substrate plate and part. For the same 
reason, the predetermined breaking points of the support structure 
are not segmented but continuous. The exact dimensions of the 
support structures and test geometries are given in Appendix A6. 
After completion of the build, the samples are separated from the 
build plate by hammer and chisel, and the support structures are 
removed. The samples are cut in the middle, parallel to the build 
direction, using a water-cooled cutting blade (Figure 18). One half 
is again separated perpendicular to the build direction (Figure 18). 
Both parts are embedded in epoxy resin for microscopic analysis. 
The density analysis is performed on the cross-cut that was parallel 
to the build direction. After embedding, the cut surface is grinded 
and then polished for examination under the light microscope. The 
grit size of the emery paper used is gradually reduced from coarse 
to fine (grid size in ?m: 80, 120, 240, 600, 800, 1200, 2400). This is 
followed by a diamond polish of the cut surface. The polishing 
cloths employed (by Struers) are listed from coarse to fine: MD-
base?plate
test?geometry
support?structure
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Dur, MD-Mol, and MD-Nap. The polishing cloths are used in 
combination with a 9 ?m, 3 ?m, and 1 ?m diamond suspensions, 
respectively. 
 
Figure 18 Experimental geometry (left) and cutting plane for analysis (right) 
 
4.3.3? Evaluation Methodology 
The density analysis is carried out by means of an optical light 
microscope (LEICA DM 4000 MLED). For each polished cross-
section, nine images are made at 50x magnification. Thus, 45% of 
the cross-section are measured. Three images are taken in the 
upper section, the midsection, and the lower section of each 
sample, respectively (Figure 19). In this way, it is possible to 
additionally investigate the influence of preheating on the density 
with increasing build height. The software used to capture the 
images is LAS V4.5 Leica (basic version), and the images are stored 
in .tiff format. The evaluation is performed using the image 
analysis software ImageJ 1.48v. To determine the density, the 
picture is reduced to an 8 bit one color channel. Then, the picture 
is separated into light and dark areas in accordance with pre-
established thresholds. The dark areas indicate defects, and the 
light areas represent regions of dense material (Figure 19). The 
density can thus be determined by the ratio of dark to light areas 
(Equation 4.1). 
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Figure 19 Schematic representation of the density analysis with ImageJ 
 
4.1 
 
 ???? ?
??
? ?
? ? ??????
? ? ???? 
where: A  total area of the image 
  Ablack  area of pores 
  ?rel relative density 
The accuracy of this measurement method is determined by the 
contrast resolution, meaning the accuracy with which the software 
can separate between light and dark areas. The error of 
measurement is, therefore, dependent on the length of the lines 
separating light and dark areas. The length of those lines is, in turn, 
dependent on the porosity of the specimen. Empirical studies by 
Meiners [3] on samples with different densities have shown that 
the measurement error ?? can be described in sufficient detail by 
the equation 4.2. 
4.2 
 
 ?????????? ?
?
?? ????? ? ?????????? 
From this equation, it is apparent that the measurement error 
decreases with increasing density of the samples and is negligible 
as the density approaches 100%. 
reduction
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4.3.4? Interim Results 
This section is a foretaste of the chapter "Results". However, this is 
necessary, because the results of the investigations carried out in 
Section 1 for density and process reliability form the basis for 
further experiments and studies. The results found in Section 1 are 
summarized in Table 10. A justification for the choice of these 
parameters can be found in the chapter "Results". The process 
parameters listed in Table 10 are used for all the following builds. 
 
Table 10 Process parameters found in Section 1 
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?E?
[% E
0
]?
texp?
[ms]?
PL?
[mm]?
T1? B1? S1? 1? 61.0? 90? 100? 160?
T2? B2? S2? 2? 68.6? 100? 100? 180?
T3? B3? S3? 3? 76.2? 110? 100? 200?
T4? B4? S4? -? 61.7? 90? 90? 180?
T5? B4? S4? -? 75.4? 110? 110? 180?
Tw
in
ca
nt
ile
ve
r?
Br
id
ge
s?
Si
ng
le
 T
ra
ck
s?
Te
ns
ile
 B
lo
ck
s?
? ? ? ?
 
 
4.4? Section 2: Melt Pool Shape 
4.4.1? Approach 
In the second section, single tracks are generated based on which 
the meld pool shape is investigated. 
Due to the difficulty inherent to the change in layer thickness 
during the build process (described in Chapter 3.4, subsection: 
Layer thickness), the filling factor of the powder is experimentally 
determined (Appendix A2). Then the real layer thickness can be 
calculated by means of Equation 3.11. Subsequently, a mini 
substrate plate is built (Figure 20). The mini base plate has the 
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greatest build height on the base plate. After the build is finished, 
the surface of the mini base plate is the only part not covered by 
powder. The build platform is lowered manually by the value 
calculated with Equation 3.11. This is followed by manual powder 
application and the generation of the single tracks on top of the 
mini base plate. The arrangement of the single tracks, as well as 
their position on the mini base plate, is shown in Figure 22. 
4.4.2? Sample Dimension and Sample Preparation 
In Section 2, single tracks are printed, which are used to evaluate 
the melt pool shape depending on the process parameters. Finally, 
the melt pool shapes of the single tracks are compared with those 
of the last melted layer of the cubic specimens built in Section 1. 
The preparation of the single tracks is analogous to the preparation 
of the cube geometries in Chapter 4.3.2. After the build is 
completed, the mini base plate is separated from the base plate 
and cut in the middle. One half is embedded in epoxy resin, 
grinded, and polished as described previously. In order to make the 
melt pools visible, the etching is carried out with 5 ml HNO3, 
200ml HCl, and 65g FeCl3. The samples are immersed for a few 
seconds (Figure 20). The etching must be performed within a few 
hours after polishing. Otherwise, an oxide layer is formed which 
protects the microstructure of the sample from etching. 
 
Figure 20 Test geometry for single tracks (left) and preparation for melt pool analysis (right) 
 
4.4.3? Evaluation Methodology 
The evaluation of the melt pools is performed by an optical light 
microscope and the image analysis software ImageJ. First, the melt 
lens is cut free and separated from the rest of the image (Figure 
21). In order to distinguish the characteristics including shape of 
10.08
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the various melt pools, the melt pool area of the lenses, the width 
in the x-direction, and the height in the y-direction are measured. 
The x-axis is in this case defined for each melt lens and is 
congruent to the substrate material. The y-axis is centered on the 
x-axis at a 90° angle (Figure 21). Furthermore, circularity, 
roundness, and solidity of each melt pool are measured. The 
description and explanation of theses parameter can be found in 
Appendix A3. For each parameter combination, four melt pools are 
analyzed. 
 
Figure 21 Schematic representation of the melt pool analysis by means of the software Imagej. 
 
Finally, the cubic samples in Section 1 are prepared and evaluated 
in the same way. The relatively large hatch spacing allows for a 
good view of the melt pools of the last layer. 
4.5? Section 3: Delay Due to Residual Stresses 
4.5.1? Approach 
The deformation due to residual stresses induced during the build 
process is studied. The study is performed on parts designed 
especially for this reason. The results are qualitative in nature. The 
mini base plate discussed in the previous chapter is also built on 
the same plate for organizational reasons. The build plate with all 
the samples used in this section is shown in Figure 22. Pictures of 
the build plate can be seen in Appendix A5. 
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Figure 22 Build plate with the samples used in Section 3: Twincantilever (red), Bridges (green), and Mini 
Base Plate (yellow). 
 
To make the deformation due to residual stresses that is induced in 
the part during the SLM process visible, so called “twincantilevers” 
(Figure 23) and “bridges” (Figure 24) are printed. The exact 
dimensions of the geometries are given in Appendix A6. For both 
experimental geometries, the goal is to be able to draw a 
conclusion as to the level of the prevailing residual stresses 
present in the part by measuring the deformation of the part. Since 
the available space in the substrate plate is limited, only one 
twincantilever can be built per process parameter combination. 
After completion of the build, the height of the un-deformed 
twincantilevers are measured. Then, the solid twincantilever arms 
are detached from the supporting structure via wire EDM. The 
twincantilever arms bend upward due to residual stresses and are 
measured again (Figure 23). 
 
Figure 23 Schematic view of the Twincantilever approach. 
Twincantilever
Bridges
Base?Plate
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The ”Bridge Curvature Method” (BCM) is another very similar and 
also qualitative approach. This method is employed in [26]. As with 
the twincantilevers, one can draw conclusions as to the residual 
stresses present by the level of distortion of the parts. For this 
reason, bridge geometries are built on the substrate plate. 
Following the end of the build process, the bridges are completely 
separated from the substrate plate. This constitutes an 
interference in the equilibrium of forces and moments, which leads 
to a distortion of the bridge (Figure 24). The delay is measured and 
applied to a stress-free part by means of FEM software. The 
resulting stress state provides qualitative information of the 
residual stresses present in the part before deformation.  
 
Figure 24 Schematic view of the Bridge Curvature Method (BCM). 
 
4.5.2? Sample Dimensions and Sample Preparation 
The central element of the twincantilever is the horizontal bar 
(Figure 25). During the build process, the horizontal bar should not 
move in position. Therefore, triangle blocks are attached to the 
ends of the twincantilever to avoid distortion of the component 
during construction. The beam thickness is 2 mm. Personal 
experience has shown that this is a good compromise, on the one 
hand, to produce an area moment of inertia that is not too large 
and, thus, to ensure a significant upward bend. On the other hand, 
a sufficiently large area must be provided in order to avoid the 
present state of residual stress exceeding the tensile strength of 
the twincantilever. 
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The dimensions for the bridge geometries are taken from [26]. In 
[26], reproducibility with respect to distortion of the parts as a 
function of the bridge dimensions is examined. The bridge 
geometry found to have the maximum reproducibility is used in 
this work (Figure 25). 
Figure 25 Experimental geometries used in Section 3: Twincantilever (left) and Bridge (right). 
 
4.5.3? Evaluation Methodology 
The first measurement of the un-deformed twincantilevers takes 
place right after the build is completed. For this purpose, a 3D 
coordinate measuring system called FaroArm by the company 
FARO is used. The twincantilevers are scanned contactless. The 
software Geomagic Control 2014.1.0 is used for measurements. A 
schematic view of the measuring point or measuring plate is 
presented in Figure 26. Measured is the average z-position over the 
entire twincantilever width with reference to the substrate plate 
(Figure 26). The height in z-direction is measured at six positions in 
intervals of 10 mm along each side of the twincantilever arm 
(Figure 26). The difference in the measured values before and after 
separation of the supports is the resulting measure of the 
deformation in the z-direction. The values obtained will be 
summarized graphically in a diagram to be found in the “Results” 
section. The measurement of error specified by the manufacturer 
is accurate within 50 ?m and is therefore more than sufficient for 
the purposes of this study. 
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Figure 26 Schematic representation of the evaluation of the twincantilever 
  Left: Before wire EDM of the supports 
  Right: After wire EDM of the supports 
 
In contrast to the twincantilevers, the bridges are scanned in only 
once, specifically after separation from the substrate plate (i.e. in 
the deformed state). The measurement system used is again 
FaroArm, and the software to measure the distortion is again 
Geomagic Control. The unformed CAD component is used as a 
reference. The measured angle between the bridge pillars is 
transferred to the un-deformed part by the FAE software Abaqus. 
As a result of the bending, a compressive stress acts on the upper 
side of the bridge and a tensile stress on the lower side. The 
difference between the compressive und the tensile stress is a 
qualitative measure for the amount of the residual stress state 
present in the part before the deformation took place. 
4.6? Section 4: Microstructure 
4.6.1? Approach 
In Section 4, the influences of the various parameters included in 
the parameter window are investigated in relation to the 
microstructure. For the microstructure investigation, the same 
samples are used as in Section 1 (Figure 17) for the density 
measurement. For a more detailed description of the parameters 
Twincantilever?as?build Twincantilever?after?wire?EDM
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used, as well as the orientation of the samples on the substrate 
plate, see Chapter 4.3.1. By means of microscopy, the 
microstructure of the etched specimen is studied. The cross-
sections are examined with an optical microscope and a scanning 
electron microscope (SEM). Electron backscatter diffraction (EBSD) 
is used in order to obtain clear conclusions as to the grain shape, 
crystal orientation, and grain boundaries. 
4.6.2? Sample Dimensions and Sample Preparation 
The dimensions of the samples, as well as the preparation of the 
cross-sections are described in detail in Chapter 4.3.2 and are 
applied unchanged in this section. To make the microstructure and 
the melting traces for subsequent light microscopy and SEM 
visible, the cross-sections are polished and etched with 100 ml HCl 
and 5 ml H2O2 (30%) (immersion time ca. 10 s). Prior to 
examination by SEM, the sample is sputtered with a thin carbon 
layer in order to prevent charging of the sample.  
The preparation for the EBSD analysis is performed as described in 
Section 4.3.2. In order to guarantee the smoothest possible surface 
for EBSD analysis, the last polishing step is an oxide polish with 
colloidal silica. 
4.6.3? Evaluation Methodology 
Light Microscope: By means of optical microscopy (LEICA DM 4000 
MLED), the cross-sections parallel to the build direction (z-x-plane) 
and normal to the build direction (x-y-plane) are examined. 
Scanning Electron Microscope (SEM): Similar to the description 
under “Light Microscope” above, two cross-sections are examined 
for each sample: one cross-section parallel to the build direction 
and one normal to the build direction. In comparison to optical 
microscropy, examination with SEM has the advantage that larger 
magnifications are possible. This allows insight into the 
microstructure of the samples and inferences as to the 
solidification behavior, as well as conclusions based on 
solidification parameters such as the temperature gradient and 
solidification front growth rate (see Chapter Basics). The 
microscope used is a HITACHI S-4800. The accelerating voltage is 
15 kV, and the probe current is 15 ?A. 
Furthermore, an EDS analysis was performed to determine the 
elemental composition of the microstructure. Special emphasis is 
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placed on the main alloying elements Cr and Mo. The analysis of 
the elemental composition of the transverse cross-section takes 
place at the cellular grain boundaries and is centered within the 
cellular grains (Figure 27). There are three measurements 
performed in the intracellular region and in the cellular boundary, 
respectively (Figure 27). In addition, the elemental composition of 
the complete image is determined as a reference. The software 
used for this purpose is EDAX Genesis. 
 
Figure 27 Schematic representation of an EDS analysis with measure points 
 
EBSD and Grain Size: Due to the high expenditure of time entailed, 
only the cross-section parallel to the build direction is investigated 
via EBSD. The microscope used is JEOL JSM-6500F. Since the image 
size should exceed the height and width of the melt pool, the spot 
size is approximately 150x150 ?m². The accelerating voltage is 
15 kV, and the probe current is 4 nA. A step size of 0.3 ?m was 
found in this study to offer a good compromise between relatively 
high resolution and an acceptable measuring time. The confidence 
interval is always greater than 0.3. The software Orientation 
Imaging Microscopy v7 is used to create inverse pole figure maps 
and unique grain color maps. In addition, the grain size is 
measured. 
Finally, the measurement of the grain size according to the ASTM 
E112 standard is performed by means of the line intercept method. 
The cross-sections are measured in the x- (horizontal) and y- 
(vertical) direction by means of a freely available Matlab code [41]. 
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For this purpose, the unique grain color map image recorded by 
means of EBSD is used. Similar to the density evaluation in 
Chapter 4.3.3, the grain boundaries are determined by the 
software according to the difference in contrast. First, the RGB 
image is reduced to an 8 bit (HSB stack) image by the means of the 
Software ImageJ 1.48v. The grain boundaries are turned into solid 
black lines by the ImageJ plugin “Edge Detection”. For the edge 
detection, a Canny-Deriche filter is used with an alpha value of 0.3. 
The final analysis of the grain size is carried out with Matlab. For 
this purpose, the image processed in ImageJ is loaded into Matlab 
GUI. Then, 10 grid lines in x- and y-direction are placed over the 
image. The intersection points of the lines and with the grains are 
marked. The software calculates the grain size, the number of 
grains, and the cumulative distribution of grain size (Figure 28). 
 
Figure 28 Schematic view of grain size measurement with Matlab and ImageJ 
 
4.7? Section 5: Tensil Test 
4.7.1? Approach 
In Section 5, tensile specimens are built by means of the 
parameters from the parameter window (Section 1). These serve 
for the analysis of mechanical properties such as yield stress, 
tensile strength, elongation, and strain energy. For each parameter 
combination, three specimens are built in three different build 
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directions (Figure 29). The corresponding experimental data sheet 
can be found in the Appendix A4. 
To ensure a reliable construction, massive blocks are build. The 
tensile specimens are machined out of those blocks later on. To 
identify possible anisotropy of the sample with relation to the build 
direction, blocks of different angles (0°, 45°, and 90° to the build 
direction) are built. After completion of build, the tensile blocks are 
put into a machine shop where the final shape is acquired by 
means of wire EDM and milling. 
Due to their relatively large height of 75 mm and volume, the 
building of standard tensile specimens would usually require more 
than ten days. However, this is not possible within the realm of this 
study because of organizational and scheduling reasons. 
Consequently, some of the parts must be suppressed. To save as 
much time as possible, the parts used for the investigation of the 
influence of the exposure time are suppressed at a build height of 
3.8 mm. This reduces the construction time from approximately 
ten days to approximately five days. Thus, instead of 45 tensile 
specimens, only 27 are built. The tensile test specimens for the 
investigation of the effect of exposure time on the mechanical 
properties are therefore omitted. 
 
Figure 29 Arrangement of samples for the tensile blocks on the base plate 
1
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4.7.2? Sample Dimension and Sample Preparation 
 
The dimensions of the tensile blocks are demonstrated in Figure 
30. Tensile blocks are built parallel to the build direction at a 0° 
angle, at a 45° angle to the build direction, and at a 90° angle to 
the build direction. Detailed dimension data is provided in 
Appendix A6. After completion of the build construction, tensile 
specimens are manufactured from the tensile blocks according to 
standards E8M – 04. According to standards, the required gauge 
length of the tensile specimens is 75 mm. With regard to the SLM 
process and the associated long build times, this is not practical. 
Hence, a proportional tensile specimen with a gauge length of 
24 mm is used instead. The total length of the tensile specimens is 
dependent on the tensile test machine used for the evaluation and 
amounts to 72 mm. Detailed dimension data pertaining to the final 
shape of tensile specimens are to be found in Appendix A6. 
 
Figure 30 Schematic view of the tensile blocks and the tensile specimens that are machined out of the 
block 
 
4.7.3? Evaluation Methodology 
The tensile test is carried out at room temperature. The strain rate 
is 3 x 10-4 s- 1. The strain is measured by an extensometer. The 
stress-strain curves are recorded, and the yield strength, tensile 
strength, elongation, and strain energy are measured (Figure 31). 
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The analysis of the stress-strain curves is carried out with the 
software OriginPro 8.5. 
 
Figure 31 Schematic representation of the evaluation of the tensile test 
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5? Results 
5.1? Section 1: Density and Process Reliability 
As described in Chapter 4.3, cubic geometries are printed (Figure 
32). The influence of laser power and exposure time on the density 
and process reliability is investigated. All specimens can be built. 
However, warping is observed with some of the high energy input 
samples. In some cases, warping get so intense that the samples 
are not completely covered after the application of the new layer 
of powder, and the slider tool is slightly damaged during the build 
process. The influence of the laser power on the density is shown 
in Figure 33 (left). The influence of the exposure time on the 
density is shown in Figure 33 (right). In addition, the standard 
deviation is shown as an error indicator. 
 
Figure 32 Build used for density and microstructure analysis 
 
Influence of Laser Power (t = 100 ?s = const.): At a laser power of 
PL = 160 W, a density > 99% is achieved (Figure 33, left). The 
density achieved by this parameter is approximately 99.1%. 
Hence, the laser power of 160 W is the lower boundary for the 
parameter window. With the standard process parameters 
provided by Renishaw (PL = 180 W and t = 100 ?s), a density of 
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only 99.6% can be achieved. By increasing the laser power to 
200 W, the density can be further increased to 99.8% (Figure 33, 
left). This is the upper boundary of the parameter window, since 
200 W is the highest laser power the Renishaw system provides. 
Warping does not occur in this case. 
Influence of Exposure Time (PL = 180 W = const.): A density > 99%, 
i.e. approximately 99.1%, is achieved with an exposure time of 90 
?s and, thus, forms the lower limit of the process window (Figure 
33, right). An increase in the exposure time to 110 ?s causes the 
initiation of warping (Figure 33, right). Although there is no need to 
abort the build at this exposure time in the case of simple builds, 
there may be amplification of the warping effect with more 
complex geometries, as in thin-walled or overhanging parts. Thus, 
an exposure time of 110 ?m is defined to be the upper limit for the 
process window. 
 
Figure 33 Influence of laser power (left) and exposure time (right) on the relative density. The red lines 
indicate the boundaries of the process window. The Renishaw standard parameter is orange. 
 
Influence of Height of Construction: In addition, the density with 
regard to the height of construction of the components is 
determined. Since all experiments are performed with a preheat 
temperature of 150°C and all specimens are built on supports, 
thermal conductivity changes with the height of construction. This 
may have an influence on the density of the samples. However, the 
experimental results (Figure 34) show a nearly constant density 
independent of the height of the samples. 
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Figure 34 Influence on laser power (left) and exposure time (right) on the density with regard to the height 
of construction 
 
Interim Conclusion: In general, the density of the samples increases 
if the volume energy is increased, but warping begins if the energy 
introduced into the powder exceeds a certain level. The parameter 
window is thus limited on one hand by a density of 99% and on the 
other hand by the onset of warping (Figure 33, marked red). The 
relatively large standard deviations for the specimens with 
comparatively low densities are due to the increasing 
measurement error at low densities described in Chapter 4.3.3. To 
compare the laser power variation outcome with the exposure time 
variation outcome, the volume energy is used (Figure 35). 
Figure 35 Relative density vs. volume energy for the laser power and the exposure time variation 
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It is worth mentioning that nearly identical densities can be 
achieved with the same energy input by varying the different 
parameters. Consequently, different microstructures should arise. 
Finally, a selection of polished cross-sections is presented in Figure 
36. The process parameters used for subsequent experiments 
(hence, the parameters that comprise the parameter window) are 
summarized in Table 11. 
 
Figure 36 Collection of cross-sections used for density analysis 
 
Table 11: Parameter window with parameters used for subsequent experiments 
? Laser power?
 [W]?
Exposure?time?
[?s]?
Relative density?
[%]?
Combination 1? 160? 100? 99.1?
Combination 2? 180? 100? 99.6?
Combination 3? 200? 100? 99.8?
Combination 4? 180? 90? 99.1?
Combination 5? 180? 110? 99.8?
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5.2? Section 2 Melt Pool Shape 
As described in Chapter 4.4, four single tracks are printed on a mini 
substrate plate (hereafter referred to as single tracks). In this 
section, the influence of the scanning speed and laser power to 
various quality parameters characterizing the melt pool are 
investigated. In addition, the melt pools of the last exposed layer of 
the cube geometries built in Section 1 are investigated (hereafter 
referred to as skin tracks). 
Influence of Laser Power on Single Tracks (t = 100 ?s = const.): The 
influence of laser power on the area, width, and height of the 
resulting melt pool are presented in Figure 37. With increasing 
laser power, that is, with the increase of the introduced volume of 
energy input into the powder bed, as expected, the surface of the 
melt pool, as well as of the melt pool width and height increases. 
With an increase of the laser power from 160 to 180 W, the surface 
of the melt pool increases by approximately 33% from 6000 to 
8000 ?m. With a further increase of 180 to 200 W, the area 
increases only very slightly and remains almost constant (Figure 
37, top left). Strikingly, however, are the extremely large standard 
deviations that indicate a large uncertainty.  
The influence of laser power on the circularity, roundness, and 
solidity is shown in (Figure 37, bottom left). With an increase in the 
laser power from 160 to 180 W, there is an initial increase in the 
roundness, circularity, and solidity. This means that the melt pool 
in the first iteration is more round, circular, and compact. With 
further increase of the laser power from 180 to 200 W, circularity 
and solidity remain almost constant; the roundness, however, 
drops. This means with increasing laser power, or increasing 
volume energy, the melt pool becomes increasingly compact and 
more circular. In addition, the melt pool becomes more elliptical if 
a high laser power (200 W) or a low laser power (160 W) is used. 
Influence of Exposure Time on Single Tracks (PL = 180 W = const.): 
The influence of exposure time on the area, width, and height of 
the resulting melt pool is shown in Figure 37, top right. The melt 
pool area initially increases with increase in the exposure time 
from 90 to 100 ?s and then again decreases with further increase 
in the exposure time to 110 ?s (peak melt pool area at exposure 
time of 100 ?s). However, the large standard deviation could also 
be an indication of measurement uncertainties. The melt pool 
height and width remain relatively constant (Figure 37, top right). 
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The influence of exposure time on the circularity, roundness, and 
solidity is shown in Figure 37 (bottom right). As previously 
described in the section pertaining to the investigation of the 
influence of laser power, if the exposure time is increased from 90 
to 100 ?s, the roundness initially increases and then decreases 
with further increase in exposure time. The situation is similar with 
the circularity. The solidity increases with increase in the exposure 
time without showing a similar decrease with further rise in 
exposure time. However, both parameters solidity and circularity 
do not change significantly in the investigated exposure time 
interval of 90 to 110 ?s (Figure 37, bottom right). 
 
Figure 37 Left: Laser power vs. melt pool area, length, and width (top). Laser power vs. roundness, 
circularity, and solidity (bottom) single tracks (t = 100 ?s = const.) 
Right: Exposure time vs. melt pool area, length, and width (top). Exposure time vs. roundness, 
circularity, and solidity (bottom) single tracks (P = 180 W = const.) 
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Influence of Laser Power and Exposure Time on the Skin Tracks: Due 
to the high standard deviations for the single track investigation, 
an evaluation of the skin tracks is performed and presented in 
Figure 38. 
There is a greater quantity of melt pools available for 
measurement, which results in a much smaller standard deviation. 
The curves for the laser power variation and exposure time 
variation (Figure 38, top) are very similar. In both cases, an 
increase in the volume energy results in a larger melt pool width, 
height, and area. Roundness, circularity, and solidity remain 
constant within the framework (Figure 38, bottom).  
 
Figure 38 Left: Laser power vs. melt pool area, length, and width (top). Laser power vs. roundness, 
circularity, and solidity (bottom) skin tracks (t = 100 ?s = const.) 
Right: Exposure time vs. melt pool area, length, and width (top). Exposure time vs. roundness, 
circularity, and solidity (bottom) skin tracks (P = 180 W = const.) 
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Interim Conclusion: In the case of the skin tracks, the curves of the 
laser power variation and exposure time variation are almost 
identical. The single track curves sometimes differ widely. This is 
due in part to the very different melt pool shapes. Two 
characteristic melt pool shapes are shown in Figure 39. The melt 
pool shape of the single tracks are more rounded; the tracks of the 
skin tracks tend to be rather elliptical. 
 
Figure 39 Characteristic melt pools for single tracks (left) and skin tracks (right) 
 
Some major differences become evident upon comparison of the 
results for the single tracks with those of the skin tracks. In the 
case of the skin tracks, the melt pool area increases continuously 
for both variations (laser power and exposure time). In contrast, 
the melt pool areas of the single tracks reach a maximum at a 
medium energy input (medium laser power and medium exposure 
time) and decrease again with exposure time variation. However, 
the melt pool area remains almost constant with variation in laser 
power. For both variations, the melt pool width is greater for the 
skin tracks than the single tracks. In contrast, the melt pool height 
for the skin tracks is lower than for the single tracks (Figure 40, 
top). This difference can be explained by the melt pool shape 
(Figure 40, bottom). The large difference to be noted with regard to 
the parameter “roundness” between the single tracks and the skin 
tracks is remarkable. Single tracks have a much higher value for 
roundness, which means that the melt pools are more round than 
those of the skin tracks. In comparison, a lesser roundness value 
means a more elliptical shape. This explains the relatively closely 
spaced curves for melt pool width and melt pool height for the 
single tracks, as well as the further apart curves for the skin tracks 
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(Figure 40 blue top). The circularity of the single tracks is higher 
than that of the skin tracks. However, this is due to the elliptical 
shape of the skin tracks and not secondary to any roughness peaks 
or microscopic irregularities. The solidity of all investigated melt 
pools is invariably greater than a value of 0.95, which indicates a 
very large concavity of the melt pool and, hence, the absence of 
convex surfaces. 
 
Figure 40 Comparison of single tracks and skin tracks 
Left: Laser power vs. melt pool area, length, and width (top). Laser power vs. roundness, 
circularity, and solidity (bottom) (t = 100 ?s = const.) 
Right: Exposure time vs. melt pool area, length, and width (top). Exposure time vs. roundness, 
circularity, and solidity (bottom) (P = 180 W = const.) 
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5.3? Section 3: Deformation Due to Residual Stress 
5.3.1? Deformation of Twincantilevers 
All of the twincantilevers used in these experiments were built 
without issue. Macroscopic defects such as cracks or separation of 
the twincantilever arm from the supports were not observed. After 
wire EDM, the twincantilever arms bent upwards as expected 
(Figure 41). 
 
Figure 41 Twincantilever before (left) and after (right) wire EDM 
 
The maximum deformation in z-direction on the very edge of the 
twincantilever arm amounts to 2.1 mm on average. The difference 
between the lowest and the highest deformation in z-direction is 
300 ?m and is, therefore, very low. 
Influence of Volume Energy: The impact of the volume energy is 
shown in Figure 42. In order to improve clarity, the twincantilevers 
built with high energy input (EV = 110% EVo) are shown in red. The 
twincantilevers built with a medium energy input (Renishaw 
Parameter: EV = 100% EVo) are shown in orange, and the 
twincantilevers built with low energy input (EV = 90% EVo) are 
shown in blue. As depicted in Figure 42, no clear trend can be 
identified. The smallest deformation in z-direction is achieved at an 
energy input of EV = 100% EVo, which is the medium energy input. 
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Figure 42 Influence of volume energy on the deformation in z-direction 
 
Influence of Laser Power (t = 100 μs = const.): The influence of 
laser power on the deformation in z-direction is presented in Figure 
43. The exposure time is kept constant at t = 100 μs, and the laser 
power is advanced in three steps from 160 to 180 to 200 W. Again, 
no clear trend can be distinguished, since the deformation in z-
direction achieved is nearly uniform. 
 
Figure 43 Influence of laser power on the deformation in z-direction (t = const. = 100 μs) 
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Influence of Exposure Time (P = 180 W = const.): The influence of 
exposure time on the deformation in z-direction is presented in 
Figure 44. In this case, the laser power is kept constant at 
PL = 180 W. The exposure time is advanced in three steps from 90 
to 100 to 110 μs. According to Figure 44, the twincantilever build 
with an exposure time of 110 μs (red), meaning a low scan 
velocity, stands out. The other two twincantilevers have almost 
identical upward bending curves. The difference in deformation at 
the outermost point of the cantilever arm in every case is 300 μm, 
thus, comparatively small. 
 
Figure 44 Influence of laser power on the deformation in z-direction (P = const. = 180 W) 
 
Bridges: Due to a necessary recalibration of the FARO LaserArms, 
the measurement of bridge geometries cannot be performed for 
this study. Therefore, the evaluation of the bridge geometries is 
omitted. 
Interim Conclusion: Due to the small difference in deformation in z-
direction, it is not possible to determine a trend. The clearest result 
that hints at a trend is obtained in the investigation of the influence 
of exposure time. In this case, the deformation in z-direction is 
achieved at maximum exposure time. It should be noted, however, 
that the difference in deformation of the upward arm is a 
maximum of 300 μm and, thus, is very small. The influence of laser 
power seems to play a minor role when it comes to deformation 
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due to residual stress. Furthermore, there is no trend identifiable 
for different volume energies in this investigation.  
 
5.4 Section 4: Microstructure 
5.4.1 Optical Microscopy 
Figure 45 shows an example of the etched cross-section of a cube 
sample. The laser power used to build this sample is 180 W, and 
the exposure time is 100 μs (Renishaw default parameters). The 
cross-section parallel to the build direction is shown in Figure 45 
(left), and the cross-section normal to the build direction is shown 
on the right. The cross-sections of the other samples can be found 
in Appendix A7. The melt pools, which are typical for the SLM 
method, are clearly visible. 
 
Figure 45 Etched transverse cut of a sample; Left: z-y-plane; Right: x-y-plane (P = 180 W and t = 100 μs) 
 
5.4.2 Scanning Electron Microscopy (SEM) 
A fine metallic structure is created within the melt pool as a result 
of the high cooling rate. This metallic structure is investigated by 
means of scanning electron microscopy. Figure 46 shows an SEM 
image of a sample built with the Renishaw standard parameters. In 
Figure 46 it can be seen that the material has solidified in a cellular 
manner. The cellular grains are to be seen as the dark spots in 
Figure 46. The cellular grains are separated by the light cellular 
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boundary (Figure 46). The orientation of the cells and, thus, their 
orientation in the cross-section varies. However, the elongated 
cells are predominant in the z-x-plane. Due to the cutting angle, 
the honeycomb structure is predominant in the x-y-plane (Figure 
46). At the melt pool boundaries, a coarser grain structure is often 
observed. The growth of cells is usually epitaxial oriented to the 
cells of the previously solidified layer (Figure 46). The SEM images 
using different laser power and exposure times within the 
parameter window do not show significant differences. For this 
reason, only the SEM images of the Renishaw standard parameter 
are shown (Figure 46). 
 
Figure 46 SEM images (z-x-plane and x-y-plane) of parts built with the Renishaw parameter (P = 180 W; 
t = 100 μs) 
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Finally, an EDS analysis is performed. The composition of the 
structure is measured in the intercellular region and at the cellular 
grain boundaries. The focus of the EDS analysis is on the elements 
Cr and Mo. 
Influence of Laser Power (P4 – P6): The influence of the laser power 
on the chemical composition is shown in Figure 47 (samples P4 - 
P6). In addition, the wt% portion measured over the whole picture 
is presented as a black column and is used as a reference. The 
fluctuations are always less than 1 wt% and are, therefore, very 
low. A clear trend is thus not identifiable. In comparison with the 
Mo content of the entire sample, the Mo content in the center of 
the cellular grain is always larger. The Mo content in the cellular 
grain boundaries varies. In contrast, the Cr content within the 
cellular grain is always smaller than that of the entire sample. The 
situation is similar with the Cr content in the cellular grain 
boundaries. Comparing intracellular regions of the grains with the 
cell boundary regions, the cell boundaries are poorer in Mo than 
the center of the cell, but richer in Cr (Figure 46, P4 - P6). 
Influence of Exposure Time (T4 – T6): The influence of the exposure 
time on the chemical composition is shown in Figure 46 (samples 
P4 - P6). As before, the wt% portion measured over the entire 
picture is presented as a black column and is used as a reference. 
As with the studies on the influence of the laser power on the 
microstructure, the fluctuations are always less than 1 wt%. 
Consequently, a trend is also difficult to identify in this case. The 
Mo-content of the entire specimen is always less than the Mo-
content of the center of the cell, with exception of the specimen T5 
(180 W; 100 μs). The same applies to the Cr-content with the 
exception of sample T6. The Mo-content and the Cr-content in the 
cellular boundary is always greater than the Cr-content of the total 
area. A comparison of cell centers with the cellular boundaries 
demonstrates a Mo-enrichment in the boundary areas and 
chromium-enriched cell centers. 
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Figure 47 Chrome and Molybdenum content of the investigated sample measures at the cellular boundary 
and bulk. P4 – P6: exposure time = const. = 100 μs; T4 – T6: Laser Power = const. = 180 W 
 
5.4.3 EBSD and Grain Size 
Influence of Laser Power (t= 100 μs = const.): The influence of the 
laser power on the grain size is shown in Figure 48. The EBSD 
analysis shows that the grains grow in build direction with different 
crystal orientations. In some cases, the grains expand beyond the 
melt pool and layer thickness. Due to the growth of grains 
elongated in the direction of construction, the grain boundaries are 
also mainly in build direction. A preferred direction of the crystal 
orientation is not clearly identifiable (Figure 46). It is noticeable 
that the grains, depending on the laser power, grow in the direction 
normal to the build direction. This means the grains become wider 
with increase in laser power. A statistical evaluation of the area 
fraction vs. grain size is shown in Figure 46 on the right. 
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Figure 48 Influence of the Laser Power: SEM image (left) and EBSD inverse pole figure map (middle) and 
grain size distribution (right) (t = 100 μs = const.) 
 
In addition, the cumulative distribution of the grain size in the 
horizontal and vertical planes is measured by the line cut method 
and shown in Figure 49. Furthermore, the minimum, maximum, 
and mean grain size, as well as the median grain size and the 
standard deviation are listed in Table 12. As visually recognizable, 
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the grain size increases with increasing laser power. The increase 
in grain size between 180 W and 200 W is significant. 
 
Figure 49 Cumulative grain size distribution. Exposure time constant t = 100 μs 
 
Table 12 Max, min, mean and median grain size depending on the laser power (t = 100 μs = const) 
No. PL 
[mm] 
Min 
horizontal 
[μm] 
Min 
vertical 
[μm] 
Max 
horizontal 
[μm] 
Max 
vertical 
[μm] 
Mean 
horizontal 
[μm] 
Mean 
vertical 
[μm] 
Median 
horizontal 
[μm] 
Median 
vertical 
[μm] 
Std 
Horiz. 
[-] 
Std 
vertical 
[-] 
P4 160 2.76 4.51 69.11 75.39 13.48 23.18 10.44 18.62 9.72 15.28 
P5 180 2.96 6.70 55.09 94.33 14.04 24.34 11.40 18.63 10.02 17.01 
P6 200 3.00 6.84 56.39 152.72 14.77 41.63 11.70 31.10 10.00 31.78 
  
 
Influence of the Exposure Time (P = 180 W = const.): The influence 
of the exposure time on grain size and crystal orientation is shown 
in Figure 50. Again, the EBSD analysis shows growth of elongated 
grains in build direction with different crystal orientations. Similar 
to the studies of the influence of the laser power, an increase in 
the exposure time leads to larger grains and higher growth than a 
single melt pool height. Also, as before, grain growth is mainly 
horizontal to the build direction. 
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Figure 50 Influence of the exposure time: SEM image (left), EBSD inverse pole figure map (middle), and 
grain size distribution (right) (P = 180 W = const.) 
 
The cumulative grain size distribution with relation to the exposure 
time in horizontal and vertical direction is measured and shown in 
Figure 51. Similarly, as previously, the minimum, maximum, and 
average grain diameter is listed in Table 13, as well as the median 
and the standard deviation. The increase in grain size can be 
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clearly seen. The grain size increases with increase in exposure 
time (Figure 51). 
 
Figure 51 Cumulative grain size distribution. Laser Power constant P = 180 W 
 
Table 13 Max, min, mean and median grain size depending on the laser power (P = 180 W = const) 
No. texp 
[ms] 
Min 
horizontal 
[μm] 
Min 
vertical 
[μm] 
Max 
horizontal 
[μm] 
Max 
vertical 
[μm] 
Mean 
horizontal 
[μm] 
Mean 
vertical 
[μm] 
Median 
horizontal 
[μm] 
Median 
vertical 
[μm] 
Std 
horiz. 
[-] 
Std 
vertical 
[-] 
T4 90 2.13 8.68 68.62 93.85 12.50 25.40 10.02 20.41 9.16 15.63 
T5 100 2.96 6.70 55.09 94.33 14.04 24.34 11.40 18.63 10.02 17.01 
T6 110 3.97 4.25 96.59 149.28 15.73 30.71 11.00 23.85 13.70 25.31 
 
Interim Conclusion: It should be noted that the measuring range 
may be too small for a statistically reliable statement regarding the 
grain size. Nevertheless, the analysis provides at least an 
indication of value. 
The grain growth occurs mainly parallel to the build direction. 
Increasing the volume energy input increases the grain size in 
general. At low volume energy, the result is small elongated grains. 
With increasing volume energy, elongated but broader grains are 
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present. The variation of the exposure time has a greater influence 
on the grain size change. 
5.5? Section 5: Tensile Test 
Irregular spark development can be observed during the build 
process (Figure 52) depending on the position of the part in 
relation to the baseplate. The tensile block number 1 with an angle 
of 0° to the build direction and the tensile block number 2 with an 
angle of 45° to the build direction are affected (Figure 52). A 
significant difference in spark development can be observed as 
presented in Figure 52 during exposure. This indicates the 
possibility of locally reduced input of volume energy in these areas. 
The relatively high standard deviations depicted in the upcoming 
diagrams can be explained by this fact. This phenomenon is 
discussed in more detail in the “Discussion” chapter. 
 
Figure 52 Tensile specimen build after completion and spark formation at a build height of 20 mm 
 
common?spark?formation
low?spark?formation
suppressed?parts?due
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As discussed previously, it was not possible to build all samples 
due to time constraints. Consequently, only the influence of the 
laser power and the influence of the angle to the build direction on 
mechanical properties are examined. The Young’s modulus is 
204 GPa on average. The stress-strain curves of all examined 
tensile test specimens can be found in the Appendix A7. 
Influence of Laser Power (t = 100 ?s = const.): Yield strength, 
tensile strength, elongation and strain energy depending on the 
laser power are shown in Figure 53. The black graphs represent the 
different build directions. The red graph represents the average of 
all tensile specimen built with the same laser power 
For all investigated tensile specimens, the yield stress increases 
with increasing laser power, i.e., increasing volume energy input. 
The largest yield strength of 1000 MPa is achieved with a specimen 
build at an angle of 45° to the build direction. For specimen with an 
angle of 90° or 0° to the build direction a yield stress of 850 MPa or 
650 MPa is achieved respectively (Figure 53, top left). 
Similar results are achieved for the tensile strength. Again, large 
tensile strengths are obtained for large laser powers. The greatest 
tensile strength of approximately 1200 MPa, is achieved in the 
direction of 0° and 45° to the build direction. The minimum tensile 
strength is achieved with a specimen with an angle of 90° to the 
build direction and is approximately 980 MPa (Figure 53, top right). 
Increasing the laser power increases the elongation. The greatest 
elongation is obtained at a laser power of 200 W and is 
approximately 9.8%. The smallest elongation is obtained at a laser 
power of 160 W and is approximately 1.5% (Figure 53, bottom left). 
The strain energy increases with increasing the laser power. Here 
is the largest strain energy is achieved with specimen build with an 
angle of 90° with respect to the build direction. The lowest strain 
energy is achieved with specimen build with an angle of 45° and 0° 
with respect to the build direction (Figure 53, bottom right). 
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Figure 53 Tensile test results: Yield Strength (left), Tensile Strength (middle), Strain Energy (right) 
(t = 100 ?s = const.) 
 
Influence of Angle to the Build Direction (t = 100 ?s = const.): The 
respective courses of the yield stress, tensile strength, elongation, 
and strain energy as a function of the angle to the build direction 
are shown in Figure 54. Graphs for specimens built with low, 
medium, and high volume energy are presented in blue, orange, 
and red, respectively. 
The yield stress increases if the angle to the build direction 
increases (Figure 54, top left). The largest yield stress is obtained 
at an angle of 90° to the build direction, and the smallest yield 
stress is achieved for specimens with a 0° angle to the build 
direction. Also, it can be seen that with greater input of volume 
energy, the yield stress increases (Figure 54, top left). 
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In Figure 54 (top right), it can be seen that the tensile strength 
increases with increasing angle to the build direction. The largest 
tensile strengths are obtained with specimens with an angle of 90° 
to the build direction. In addition, with a greater input of volume 
energy, a greater tensile strength is achieved (Figure 54, top right). 
In the studies examining elongation as a function of the angle with 
respect to build direction, no clear trend is observed. The 
elongation of the specimens built with 200 W laser power remains 
almost constant. The elongation of the 160 or 180 W components 
falls or rises with increase of the angle to the build direction, 
respectively (Figure 54, bottom left). 
With exception of one outlier at an angle of 0° to the build direction 
and a laser power of 180 W, the strain energy increases 
continuously with increasing angle to the build direction. Here, it 
can again be observed that a larger strain energy can be achieved 
with greater energy input (Figure 54, bottom right). 
 
Figure 54 Tensile test results: Yield stress (left), Tensile Strength (middle), Strain Energy (right) 
(t = 100 ?s = const.) 
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Interim Conclusion: The results of the tensile test show a significant 
dependence of yield stress, tensile strength, and strain energy on 
the input energy and angle to the build direction. Increasing the 
laser power results in an increase of yield stress, tensile strength, 
and strain energy, as well as an increase in volume energy. 
Increasing the angle to the build direction results in a significant 
increase in yield strength, tensile strength, and strain energy. No 
clear trend is identifiable for the elongation of the specimen. 
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6? Discussion, Conclusion and Recommendations 
6.1? Section 1: Density and Process Reliability 
Reliability: Warping during the build process takes place almost 
exclusively at the outermost region of the parts along the edges 
(contours). It is usually observed on the side of the part which is 
facing the slider. Little is known about the origin and the exact 
cause of warping during SLM. One possible cause of this effect is a 
thickening of the powder on the side facing the slider and an 
associated larger melt pool. The molten material adheres to the 
previously solidified layer due to adhesive forces (Figure 55, left). 
The large melt pool volume leads to a local elevation in the contour 
regions of the layer. This effect is further enhanced in the contour 
regions, since surrounding powder particles are drawn into the 
melt [29]. In addition to a local densification of the powder, this 
further increases the size of the melt pool. Moreover, this effect 
can be superimposed by delay of the parts due to residual 
stresses. 
Density: The density of the parts obtained depends primarily on the 
volume energy introduced into the powder bed. Based on the 
shape of the resulting pores in the parts, it can be concluded 
whether there was a surplus of volume energy or a volume energy 
deficit during the build process. Small round pores indicate a 
volume energy surplus, while large jagged pores indicate a volume 
energy deficit (Figure 55, middle and right). In order to produce a 
closed compound material, it is necessary to completely melt the 
present layer, as well as to at least partially melt the underlying 
layer. This is not possible if the amount of input of volume energy 
is insufficient. The result in that case are jagged pores with 
sintered powder particles (Figure 55, right). If the amount of 
volume energy input is too great, it results in the evaporation of 
alloy elements that melt at low temperatures and, thus, rounded 
pores with a smooth inner surface (Figure 55, middle). 
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Figure 55 Adhesion of two melt tracks (left) [29] and SEM images of different defects in the bulk material 
(high energy input: middle; low energy input: right) 
 
Parameter Window: Contrary to expectations, the identified 
parameter window is relatively small. The predefined boundary 
conditions for density and process reliability only omit a volume 
energy variation of ? 10% with respect to the Renishaw standard 
parameter. This is due to the fact that a silicone rod is used as a 
powder applicator tool. Silicone rods are sensitive to warping of 
parts during the build process. Consequently, parts that 
demonstrate relatively small amount of warping must be classified 
as hazardous. Thus, these components are outside of the defined 
parameter window. 
Another reason for the unexpectedly small parameter window is 
the relatively low density (99.6 - 99.7%) achieved with the 
Renishaw standard parameter. This density in not typical for the 
SLM process. This is due to the incorrect hatch spacing chosen by 
Renishaw. The hatch spacing is 125 ?m by default. Investigations 
of melt pools have shown that when using the Renishaw standard 
parameters, a maximum melt pool width of approximately 125 ?m 
and a melt pool height of no more than approximately 70 ?m can 
be achieved. This not enough to ensure complete melting of the 
powder layer including the underlying layer (Figure 56). The 
consequence is a relatively high porosity of the samples. In 
addition, this effect is enhanced by the high surface roughness 
present in SLM. Large surface imperfections affect the local layer 
thickness and can even triple it (Figure 56, top left). Thus, the 
melting of the underlying layer is made more difficult. 
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Figure 56 Origin of pores with the Renishaw standard parameter (P = 180 W; t = 100 ?s) 
Top: Rough SLM surface (left) and etched surface (right) with pores visible between two melt 
pools 
   Bottom: SEM images of pores resulting from low energy input 
 
Recommendation: To make the process less sensitive to warping, it 
is recommended to replace the silicone rod with a carbon fiber 
brush. Since use of a carbon fiber brush entails exertion of little to 
no force on the parts during powder application, the process 
reliability can be significantly increased. In addition, the parameter 
window can be increased significantly for following investigations, 
since a carbon fiber brush is not as prone to warping as a silicone 
rod. To print parts with a density of 99.9 - 100%, the hatch spacing 
should be reduced to a value of approximately 100 ?m or less. It 
should be noted that a reduction of the hatch spacing increases the 
build time. To determine optimal hatch spacing, a parameter 
variation is required. 
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6.2? Section 2: Weld Pool Shape 
Single Tracks: The large standard deviations, especially in the 
measurements for melt pool area, indicate a high level of variance. 
This is likely related to the surface roughness, as discussed in the 
previous section. Since the single tracks are exposed on a mini 
substrate plate previously generated using SLM, considerable local 
variations in layer thickness can also occur here due to surface 
roughness. The layer thickness largely determines the amount of 
molten powder particles and, thus, the melt pool area. The position 
at which the melt pool in the x-y-plane is measured is also 
important. Assuming a melt pool width of 100 ?m and point 
spacing of 70 ?m, the melt pool width can differ up to 28 ?m due 
to the point-wise exposure depending on the position of 
measurement (Figure 57). In addition, the number of melt pools 
available for evaluation (four per parameter combination) is 
relatively low. The discussed measurement error could also be the 
cause of the fluctuations of the curves for the melt pool shape. 
 
Figure 57 Schematic view of the measurement error due to the point-wise exposure 
 
Skin Tracks: The evaluation of the skin tracks does not help in 
terms of the measurement errors described in the previous 
section. However, the standard deviation is decreased in 
comparison to that of the measurements for the single tracks. This 
is due to the fact that a larger number of melt pools can be 
evaluated (25 - 35 pieces). Therefore, the results of the skin tracks 
overlap?region
meld?pools
single?track
cut?plane?of?max
meld?pool?width
base?plate
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are more reliable. Also, the resulting graphs make more sense, 
since the melt pool dimensions constantly increase with increase in 
the volume energy. The melt pool shape, in contrast, stays 
constant, independent of the volume energy input.  
Comparison of Single Tracks and Skin Tracks: Due to the previously 
discussed measurement error present in the evaluation of single 
tracks, a comparison of single track and skin tracks in terms of 
melt pool area, melt pool height, and melt pool width will be 
omitted. In contrast, the shape of the melt pool should be 
insensitive, because they are dimensionless. However, a relatively 
large difference between the melt pool shape of the single tracks 
and skin tracks is observed. The melt pool shape of single tracks is 
more circular, while that of the skin tracks is more elliptical. One 
possible reason for this could be the different exposure strategies 
between skin tracks and single tracks. 
As determined by the Renishaw machine, the exposure of the 
single tracks is carried out manually after completion of their 
actual construction, which requires a cool down of the components 
before they can be printed manually. The exposure of single tracks, 
therefore, takes place at room temperature. In contrast, the 
exposure of skin tracks takes place at a preheating temperature of 
150°C and is completed by the system automatically (last exposed 
layer). The hatch spacing of the scan vectors in the case of single 
track exposure is approximately 1 mm. In contrast, the hatch 
spacing of skin tracks is only 125 ?m. Consequently, the exposure 
of the single tracks and skin tracks occurs at significantly different 
temperatures. The temperatures present in the part could have an 
impact on the surface tension, viscosity, and Marangoni flow in the 
melt. This, in turn, affects the shape of the solidifying melt pool. 
According to Schulze [34] and Czerner [41], the viscosity and the 
surface tension decreases in the pure materials but also in a 
number of alloys with increasing temperature. That means the 
surface tension temperature gradient d?/dT is negative. Hence, the 
surface tension in the melt pool boundaries is relatively large if the 
solidified material surrounding the melt pool is relatively cold. The 
resulting force is calculated as: 
6.1 
 
 ? ? ?? ? ?
??
??? ? ? 
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This positive, i.e. outward, force is the cause of a flow (Marangoni 
convection), which is referred to as “divergent”. The heat 
transported to the melt pool boundaries by the intense divergent 
flow causes a wide, flat melt pool (Figure 58, top). Various surface-
active elements that are present in the solute segregate in the 
surface region of the melt pool and often extremely reduce the 
surface tension. With increase in temperature, the solubility of 
these elements is reduced, which again increases the surface 
tension. The resulting force and, therefore, also the convergent 
melt flow is now directed inward and produces a deep, 
considerably narrower melt pool (Figure 58, bottom) [34]. 
 
Figure 58 Meld pool shape depending on the direction of the Marangoni convection [34] 
 
6.3? Section 3: Deformation due to Residual Stress 
Twincantilevers: The upward bending of all twincantilevers is 
almost identical. It follows that the scan velocity (defined by the 
exposure time, among other parameters) and the laser power have 
relatively little influence on the resulting residual stresses in the 
SLM process. Similar results have been reported by Kruth et al [26] 
and Shiomi et al [28]. The alloy used by Kruth et al [26] is a 
chromium-molybdenum steel (JIS SCM440) and by Shiomi et al [28] 
is a Ti-6Al-4V and AISI 316L stainless steel. Furthermore, it can be 
shown that the melt pool dimensions (Section 2) likely have no 
effect on the residual stresses in SLM parts, since a significant 
divergent
convergent
mass?flow:
mass?flow:
meld?pool:
meld?pool:
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change in the melt pool dimensions is found in Section 2. However, 
this is not reflected in the upward bending height of the 
twincantilever. 
Cause of the Upward Bending: The upward bending in z-direction 
can be explained by the temperature gradient model (TGM) or the 
cool down model (CDM). Both models are described in detail in the 
chapter “Basics”. Residual stress profiles as a function of the build 
height in the x-direction were determined experimentally by 
Mercelis and Kruth [27] and Shiomi et al [28]. In these works, the 
residual stress distribution of rectangular blocks built with SLM is 
studied. Shiomi et al [28] report a high internal tensile stress of the 
same magnitude as the tensile strength in the uppermost layers of 
the components followed by a sharp drop to a small tensile stress 
in the middle of the part. Tensile stress is again present close to 
the substrate plate (Figure 59, left). 
 
Figure 59 Residual stress distribution of a SLM model according to [28] (left); Fit curve for mathematical 
use (right) 
 
In order to mathematically prove the bending of the twincantilever 
in z-direction of the residual stress, the distribution shown in Figure 
59 (right) is assumed. Furthermore, the following additional 
assumptions are made: 
?? The residual stress profile is similar to that shown in Figure 
59 (left). 
?
?
? ?
?
??
??
??
?
?
??
?
?
? ?
?
??
??
??
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?? The maximal tensile stress in the uppermost layers 
corresponds to the average tensile strength of 750 MPa 
found in Section 5.5. 
?? The triangular block at the end of the twincantilever arm is 
neglected. 
In order to use the residual stress distribution in Figure 59 (left) for 
mathematical calculations, the residual stress distribution has to 
be replaced by mathematical functions Figure 59 (right). For this 
purpose, fit functions are used. In the range x = 0 to x = 3, an 
exponential fit curve of the form: 
6.2 
 
 ????? ? ????? ? ?? ? ?????? 
is used. Where y0 = 3.43, A = 752.63, and t = 0.493. The range of 
x = 3 to x = 6 is replaced by a horizontal fit function of: 
6.3 
 
 ????? ? ?? 
The range of x = 6 to x = 10 is approximated by an exponential fit 
curve again (Equation 6.3). Where y0 = -253.57, A = 58.43, and 
t = -4.02. The approximate residual stress curve is shown in Figure 
59 (right). 
In order to calculate the deformation in the positive z-direction, the 
center of gravity of the twincantilever in the z-y-plane is needed. In 
addition, the force application point due to the residual stresses 
must be calculated. If the center of gravity is located above the 
force application point, a positive moment results, and an upward 
bending in positive z-direction is the consequence.  
Since the dimensions of the twincantilever varies in x-direction, the 
center of gravity is calculated by smearing the center of gravity of 
the twincantilever arm and the twincantilever arm plus supports. 
Distributed over the length of the twincantilever, there are 27 
supports with a width of 1 mm and 26 spaces with a width of 
0.8 mm. Assuming a cut height of 1 mm, the center of gravity in 
the x-z-plane is xc = 2.54 mm starting from the upper edge of the 
twincantilever. 
The point of force application is calculated by using the previously 
discussed fit curves according to Equation 6.4. It should be noted 
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here that the x coordinate is counted in a positive direction from 
the top of twincantilevers. 
6.4 
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By plugging Equations 6.2 and 6.3 into Equation 6.5, the force 
application point is found to be xs = 6 mm. Thus, the force 
application point is below the center of gravity (Figure 60), and a 
delay in the twincantilever should be in positive z-direction. 
Figure 60 Schematic representation of residual stress distribution and resulting force on a twincantilever 
 
The calculation of the displacement of point P is performed 
according to the principle of virtual force. Here, the unit of force is 
applied at the point P and points upward (in positive direction) 
(Figure 60). The upward bending can then be calculated with 
Equation 6.5. 
6.5 
 
 
?? ? ?
??
?? ??
?
?
 
 
Here, M is the course of the moment due to the resulting force, and 
m is the course of the moment due to virtual force. The courses for 
M and m are: 
6.6 
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6.7 
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Here, b is the width of the twincantilever, and (xF - xc) is the 
distance between force application point und center of gravity, 
hence the moment arm. To calculate the displacement in z-
direction of point P, Equations 6.6 and 6.7 are plugged into 
Equation 6.5: 
6.8 
 
 
?? ? ? ?
?? ???????
?
? ? ? ???????
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Where L is the length of the twincantilever arm. The following 
numerical values are used: 
?? The functions for y1(x), y2(x), and y3(x) are given in 
Equations 6.2 and 6.3. 
?? The length L of the twincantilever arm is 50 mm. 
?? The Young’s modulus is 204 GPa according to the findings in 
Section 5. 
?? Since the twincantilever arm varies in x-direction, a similar 
strategy as that used as for calculating the center of gravity 
is used to calculate the area moment of inertia. Hence, the 
area moment of inertia is smeared for the whole 
twincantilever length. Again, a cutting height of 1 mm is 
assumed. Thus, the area moment of inertia for the 
twincantilever arm I = 271 mm4. 
Substitution of these numerical values in Equation 6.8 results in a 
displacement of point P of vP = 1.85 mm. This result reflects the 
experimental results of Chapter 5.3 pretty well. However, it should 
be noted that some strong assumptions have been made. In the 
experiments described in Chapter 5.3, a maximum deformation of 
the twincantilever in z-direction of 2.1 mm on average was 
measured. 
Reason for Small Deformation in z-Direction: Contrary to 
expectations, the deformation in z-direction of the twincantilevers 
is only 2.1 mm and, therefore, relatively small. The small 
deformation can be explained by the low cut height of only 
approximately 1 mm right above the substrate plate. The lower the 
cut height, the higher the area moment of inertia and, thus, the 
resistance to bending. Usually the cut height is approximately 5 
mm in the middle. The cut height of the twincantilever in this work 
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was only 1 mm due to a misunderstanding with the technician. The 
effect of different cut heights on the deformation in z-direction is 
illustrated by Castigliano's second theorem [42]. In the case of 
beams, Castigliano’s Theorem is: 
6.9 
 
 
?? ? ?
????
???
????? ?
?? ??
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If a constant area moment of inertia is assumed, it can be taken 
out of the integral. Furthermore, it is assumed that the moment 
curves are identical for both cut heights. Consequently, the ratio of 
the deformation in z-direction of two twincantilevers built with the 
same material but different cut heights is only dependent on the 
area moment of inertia (Equation 6.10). 
6.10 
 
 ??
??
? ????
 
 
The area moment of inertia of the twincantilever at a cut height of 
1 mm is approximately I2 = 271 mm4. The area moment of inertia 
at a cut height of 5 mm is approximately I1 = 50 mm4 and, thus, is 
less than one-fifth. If the previously calculated deformation in z-
directionv2 = 1.85 mm is used, the resulting deformation in z-
direction for a cut height of 5 mm is approximately v1 = 10 mm. 
Thus, the relatively low deformation in z-direction at a cut height of 
1 mm is secondary to the five times higher area moment of inertia. 
Recommendation: Since the low deformation in z-direction of the 
twincantilever is due to the low cut height, the cantilever beam 
thickness of 2 mm is appropriate and should not be reduced. As 
shown, the cut height has a significant impact on the amount of 
deformation in z-direction. If the beam thickness is reduced and 
simultaneously the cut height is increased, there is a risk that the 
residual stress will exceed the tensile strength, and the 
twincantilever arms will break during wire EDM. However, it should 
be ensured in the future that the proper cut height is maintained. 
At first glance, the bridges seem to be a better alternative for a 
qualitative residual stress measurement. The height and volume 
are smaller in comparison to the twincantilever. Thus, the build 
time is shortened. Moreover, more parts can be produced during 
each build job, given the small size of the bridges. However, the 
disadvantage is the low deformation, which is visually not 
apparent. This can lead to measurement errors or make a 
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measurement with the FARO Laser Scanner impossible. For this 
reason, twincantilevers are recommended for qualitative residual 
stress measurement. 
6.4? Section 4: Microstructure 
According to Atushi et al [8], it is known that the ?-phase is 
dominant in CoCrMo SLM parts. Therefore, a phase analysis by 
means of x-ray diffraction is omitted. In contrast to the findings 
presented by Atsushi et al [8], no precipitates are found in the 
microstructure. A fine cellular microstructure ensues. The 
conditions for cellular growth are described in Chapter 3.3.3 
(“Basics”) according to Dilthey [23], David and Vitek [33], and 
Schulze [34]. According to David and Vitek [33], the conditions for 
cellular grain growth are a high solidification front growth rate with 
an associated constitutional undercooling and a high temperature 
gradient. In general, it is difficult to draw a conclusion as to the 
solidification behavior, since it is not possible to identify the feed 
direction of the laser beam and exact position of the cutting plane 
relative to the melting trace in retrospect. In addition, the analysis 
of the microstructure is further complicated by the overlapping of 
melt pools of different layers. 
Influence of Laser Power and Exposure Time (or Rather Scan 
Velocity): The influence of the laser power and the scan velocity is 
relatively low. Since a very fine microstructure with a cell spacing 
of only 0.4 – 0.6 ?m is present, a relatively large uncertainty is 
expected for the EDS point analysis. For this reason, the discussion 
of the EDS analysis is omitted. Although precipitations or 
enrichment of grain boundaries with chromium or molybdenum 
would be theoretically possible (Figure 61). 
 
Figure 61 Binary phase diagrams of Co-Cr and Co-Mo alloys [1] 
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EBSD and Grain Size: The EBSD analysis shows elongated grain 
growth in build direction, i.e., in the direction of the largest 
temperature gradient. Here, a reduction in the exposure time leads 
to smaller grains. According to David and Vitek [33], rapid 
solidification conditions lead to greater supercooling of the melt 
and promote an increased nucleation. For this reason, solidification 
starts with a larger number of grains which grow in the direction of 
the largest temperature gradient. This results in a larger number of 
smaller or thinner grains. 
The coarsening of the grains with the increase in laser power could 
be associated with the enlargement of the melt pool. If the melt 
pool is larger, the melt remains in liquid form longer, and the grains 
have more time to grow. However, when varying the laser power, 
the grain size difference is not as large as in the variation in the 
exposure time.  
A preferred crystalline direction is not identifiable on the basis of 
the evaluated EBSD images. 
6.5? Section 5: Tensile Test 
Influence of Position on the Base Plate: The position of the tensile 
blocks on the base plate has a huge influence on the resulting yield 
stress, tensile strength, elongation, and strain energy. During the 
construction of the tensile blocks, a reduced amount of spark 
formation was observed locally. This is an indicator of low energy 
input into the powder bed. A very obvious change in spark 
formation was observed during the build of tensile block 1 with an 
angle of 0° to the build direction (Figure 62). This tensile block will 
be subsequently referred to as 1-0° for the sake of simplicity and 
further investigated. Tensile block 3 with an angle of 0° to the build 
direction is used as a reference, which is further referred to as 3-0° 
(Figure 62). Tensile block 3-0°, in contrast to tensile block 1-0°, 
shows ordinary spark formation during exposure. Tensile block 1-0° 
is built with a laser power of 160 W and an exposure time of 
100 ?s. Tensile block 3-0° is built with a laser power of 200 W and 
an exposure time of 100 ?s. According to Section 1, the relative 
density of both tensile blocks should lay between 99.1 and 99.8%. 
The resulting stress-strain curves as a function of position on the 
base plate are shown in Figure 62. While the stress-strain curves 
remain relatively similar for tensile block 3-0°, the stress-strain 
curves of tensile block 1-0° differ greatly. The greater the distance 
from the center of the substrate plate, the lower the yield stress, 
tensile strength, elongation, and strain energy. For tensile block   
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1-0°, for example, the tensile strength falls from 825 MPa to 
approximately 375 MPa. 
 
Figure 62 Position of the tensile blocks on the base plate (left) and stress strain curves corresponding to 
the blocks 
For this reason, the densities of the two tensile blocks (1-0° and   
3-0°) are determined as a function of height. As shown in Figure 63 
the density is measured at the outermost edge of the tensile block. 
In each case, 3 × 22 images (y-direction and z-direction) are taken 
and evaluated. The densities of the samples in Section 1 are used 
for reference. 
The density of tensile block 3-0° remains constant over almost the 
entire height and is 99.8%. At a height of approximately 70 mm, 
the density falls sharply to approximately 96.6% (Figure 63). 
However, the tensile specimens are not affected, because the 
density drop occurs only in the grip section. The density in tensile 
block 1-0° is 92% on average, which is 7% below the expected 
value from Section 1 (99.1%). In addition, the density varies 
greatly and falls to a minimum of 88.8% at a height of about 
40 mm (Figure 63). Due to the high porosity, the area of the 
specimen is reduced, which has a significant influence on the 
mechanical properties of the tensile specimen.  
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Figure 63 Relative density of the parts 3-0° and 1-0° vs. the build height (upper left); 2D density map of 
parts 3-0° and 1-0° (lower left); transverse cut of parts 3-0° and 1-0° (right) 
 
One possible explanation for the low density and associated poor 
mechanical properties are the long construction time and resulting 
soot in the process chamber and the protective glass of the lens 
(Figure 64). Over time, more and more soot covers the protective 
glass in front of the lens, and the transmittance of the protective 
glass decreases. Since the laser beam is not focused directly on 
the lens, the energy is not sufficient to burn off the soot. 
Consequently, a part of the energy is coupled into the protective 
part?3?0 part?1?0
75
?m
m
end?of?90° parts end?of?45° parts part?3?0 part?1?0
5?mm
reference
5?mm
5?mm5?mm
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glass and fails to melt the powder. However, it is not clear why 
there is no soot in the middle part of the protective glass. 
 
Figure 64 Protective glass and build chamber before and after the tensile block build 
 
Influence of Laser Power (t = 100 ?s = const.): With increasing laser 
power, yield strength, tensile strength, elongation, and strain 
energy are increased. According to the Hall-Petch relationship [24], 
a finer grain size increases the yield strength: 
6.11 
 
 ?? ? ?? ?
?
??
 
with: ?Y = Yield stress 
  ?0 = material constant 
  k = strengthening coefficient 
  d = average grain diameter 
 
The Hall-Petch relationship states that the movement of 
dislocations is prevented by grain boundaries. This results in a 
higher yield strength due to a larger number of grain boundaries. 
This contradicts the results found in Section 4 (EBSD and Grain 
Size). However, the results found in Section 5 (tensile strength) can 
likely be ascribed to a superimposition of two effects, On the one 
hand, yield stress is increased by grain refinement. On the other 
hand, tensile strength is lessened by a significant reduction in 
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density depending on its position on the base plate. As the 
investigations demonstrate, the reduction in density can be as high 
as 10%. Consequently, the prevailing stress in the tensile specimen 
is significantly increased. This effect is probably stronger than the 
grain boundary strengthening of the material. Thus, the results of 
Section 5 must be viewed critically. 
Influence of Angle to the Build Direction: The influence of the build 
direction of the parts can also be explained by Hall-Petch 
relationship (Equation 6.11). The results from Section 4 
(microstructure) provide different grain sizes depending on the 
measurement plane (horizontal vs. vertical). This is caused by the 
growth of elongated grains in the build direction. The result is the 
anisotropic behavior of the printed parts. 
Comparison with Other Works: Investigations with a similar CoCrMo 
alloy were performed by Atsushi et al [8]. Atsushi et al used a 
constant laser source. The influence of laser power and layer 
thickness on yield strength, tensile strength, and elongation was 
examined. A mean yield stress of approximately 507 MPa and a 
mean tensile strength of approximately 928 MPa were reached. 
The elongation was ca. 13.2% on average. In comparison, the yield 
strength and tensile strength for cast alloys is approximately 450 
MPa or 655 MPa, and the elongation is approximately 10%. In this 
work, a mean yield stress of approximately 750 MPa and a mean 
tensile strength of approximately 1050 MPa were achieved. The 
elongation was approximately 6% in average. The values achieved 
in the work by Atsushi et al [8] and the values achieved in this 
work are summarized in Table 14. 
 
Table 14  Comparison of the results of the investigations performed by Atsushi et al [8], this work, and the 
ASTM standards 
 Condition Yield Stress [MPa] 
Tensile Strength 
[Mpa] 
Elongation 
[%] 
Popp SLM (pulsed) (450) 750 (100) (600) 1050 (1200) (1.8) 6 (9.5) 
Atsushi [8] SLM (const.) (496) 507 (516) (911) 928 (911) (10.7) 13.2 (16.4) 
ASTM F75 [1][13] cast 450 655 8 
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7? Summary 
In the present work, the correlation between SLM process 
parameters and the resulting microstructure and mechanical 
properties are studied. The material used for this purpose is a Co-
based alloy with the main alloy components Co (ca. 65 wt%), Cr 
(ca. 28 wt%), and Mo (ca. 5.5 wt%). 
The strategy used in this work involves the systematic 
investigation of SLM process parameters on the mechanical 
properties of SLM components. Furthermore, various factors that 
may have an effect on the mechanical properties are investigated. 
Possible sources of error include, for example, different densities, 
microstructures, or residual stress states. For a detailed 
examination of these error sources, the work is divided into five 
subsections. 
To keep the potential error due to density differences low, a 
parameter window is determined in Section 1. All parameters 
found in the parameter window should have a density > 99%. The 
influence of laser power and the exposure time on the density is 
investigated. The greater the volume energy, the greater the 
density of the components. Parts with a density nearing 100% can 
be produced. However, if the volume energy exceeds a certain 
level, warping begins during the construction, and the silicon rod 
can be damaged. For this reason, the parameter window must be 
limited to parameter combination, with which a relative density of 
not more than 99.8% is achieved. In both cases (laser power 
variation and exposure time variation), a volume energy of 
61 J/mm³ leads to a density of 99.1%, and a volume energy of 
76 J/mm³ leads to a density of 99.8%. The results from Section 1 
form the basis for all further studies. 
In Section 2, the influence of laser power and exposure time on the 
melt pool dimensions and the melt pool shape are examined. The 
melt pool increases if the volume energy is increased. Similar to 
the study of the density, it is irrelevant whether the increase in the 
volume energy is achieved by increasing the laser power or the 
exposure time. The melt pool width increases from approximately 
120 to 140 ?m with an increase in volume energy from 61 to 
76 J/mm³. At the same time, the melt pool height increases from 
about 70 to 80 ?m. The effect of volume energy on the shape of 
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the melt pool is not significant. All melt pools have an elliptical 
shape.  
In Section 3, a qualitative measurement of residual stresses by the 
means of twincantilevers is carried out. The deformation of the 
twincantilever arms is 2.1 mm on average. The biggest difference 
between maximum and minimum deformation in z-direction is only 
300 ?m. Hence, the influence of laser power and exposure time on 
residual stresses is very small. Consequently, no trend can be 
seen, and it is assumed that the residual stress distribution in all 
components is similar.  
In Section 4, the microstructure of the samples is examined by 
means of SEM. Due to the rapid solidification conditions in the SLM 
process, a fine cellular microstructure is formed. The orientation of 
the cells varies. Cell growth is usually epitaxial on previously 
solidified melt pools. The cell spacing is 0.4 – 0.6 ?m. 
For a more in-depth investigation, EBSD analysis is additionally 
applied. This makes the grain boundaries, which were previously 
not visible, evident. An increase in the volume energy results in an 
increase in the grain size. Variation in the exposure time has a 
greater influence than variation of the laser power. The grain 
growth takes place in build direction. During solidification, 
elongated grains occur, which are typical for the SLM process. 
In Section 5, the study of the mechanical properties is performed 
by means of tensile testing. Due to time constraints, only the 
influence of the laser power (the influence of the exposure time is 
omitted) on yield stress, tensile strength, elongation, and strain 
energy can be investigated. In the tensile test, the predicted 
anisotropy (Section 4) is confirmed due to the presence of 
elongated grains in build direction. Parts with an angle of 0° 
(parallel to the build direction) have, on average, a lower tensile 
strength and yield strength than parts that possess an angle of 90° 
(normal to the direction structure). Increasing the laser power 
results in an increase in yield stress, tensile strength, elongation, 
and strain energy. However, it should be noted that the position on 
the baseplate has a significant impact on the density of the parts 
and, hence, on the mechanical properties. A maximum yield stress 
of approximately 1000 MPa and a maximum tensile strength of 
1200 MPa is determined. The yield stress is on average 680 MPa, 
and the tensile strength is on average 1100 MPa. 
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8? Future Work 
Since the available process parameters provided by Renishaw are 
not fully developed, further optimization of these parameters is 
recommended. A target density of 100% should be pursued. The 
investigations carried out in this work indicate that the hatch 
spacing chosen by Renishaw is much too large. 
Furthermore, it would be appropriate to replace the silicone lip in 
the Renishaw machine with a carbon fiber brush. This would offer 
the advantage that the powder application tool would be less 
sensitive in the case of warping. At the same time, the parameter 
window could be further extended towards greater volume energy, 
which might be interesting from a scientific standpoint. Another 
advantage would be that microstructural changes may be more 
easily accomplished by process parameters that extend beyond 
the current possible parameter window. 
In terms of residual stresses in SLM investigations, Kruth et al [26], 
Over [29], and Buchbinder et al [30] demonstrated that the 
preheat temperature and scan strategy have the biggest impact on 
residual stresses. Since the maximum possible preheat 
temperature is defined by the SLM machine implemented and, 
thus, cannot be increased in the case that a higher temperature is 
desired (particularly relevant for super alloys), a better way to 
reduce residual stresses in SLM would be a smart scan strategy. 
Kruth et al [26], Over [29], and Buchbinder et al [30] showed that 
the orientation of the scan vectors has a significant influence on 
the resulting residual stresses. For example, the delay of 
twincantilevers or bridges in z-direction is lower if the orientation of 
the scan vectors is the x-direction versus the y-direction (Figure 8). 
In my opinion, this is not directly related to a reduction in the 
residual stresses but due to a reorientation of the largest residual 
stresses towards the axis with the largest area moment of inertia 
and, hence, the highest resistance to bending. This could be used 
to develop software that sorts the scan vectors layer by layer so 
that they always point in a favorable direction in terms of the area 
moment of inertia. The purpose would be for the highest resulting 
residual stresses to always act in in the direction of the greatest 
area moment of inertia. 
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The studies pertaining to the tensile test reveal that the results are 
largely dependent on the position of the samples on the base 
plate. It would be interesting to investigate the cause of this in 
more detail in the future. As an initial point of study, it should be 
identified at which position on the base plate (xy plane) density 
variations occur. In addition, it would be worth investigating to 
what extent the build height effects the grain size of the 
specimens. This could not be accommodated in this work due to 
the enormous time expenditure it would require. 
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A1 Derivation of the Volume Energy for Constant and Pulsed SLM Systems 
No derivation for the volume energy for pulsed laser systems is 
found. For this reason, the derivation is done similarly to the 
derivation of the volume energy for constant laser sources 
according to Meiners et al [3]. For the derivation of the two volume 
energies, Figure 65 is used. For a better overview, the hatch 
spacing (left), and the point distance (right) have been depicted 
very large. 
 
Figure 65 Schematic representation of the scan path (red) for constant (left) and a pulsed (right) laser 
source 
 
The heat energy required to melt the powder is provided by laser 
radiation. The volume energy EV radiated into the powder is 
10.1 
 
 ܧ௏ ൌ ௅ܲݐௐௐܸ  
where: PL  = laser power 
  tWW  = exposure time 
  V = volume of one layer 
The derivation of volume energy is based on Equation 10.1 (where 
L >> Ds und B >> ∆y). 
10.2 
 
 ݐௐௐ ൌ ݊ ܮݒ௦ ݓ݅ݐ݄ ݊ ൌ
ܤ
∆ݕ ܽ݊݀ ܸ ൌ ܮܤܦ௦ 
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Substituting Equation 10.2 in Equation 10.1 yields the well-known 
formula from the literature used to calculate the volume energy in 
the case of a constant laser heat source (Equation 10.3). 
10.3 
 
 ܧ௏ ൌ ௅ܲ∆ݕ ܦ௦ ݒ௦ 
where: PL  = laser power 
  ∆y  = hatch spacing 
  vs = scan velocity 
  Ds = layer thickness 
In order to derive the volume energy for a pulsed laser heat 
source, a similar approach is used. It is assumed that no time-
dependent intensity change per pulse operation is performed. Point 
of departure is again Equation 10.1. 
10.4 
 
 ݐௐௐ ൌ ݊ݐ௉௨௟௦ ݓ݅ݐ݄ ݊ ൌ ܤ∆ݔ
ܮ
∆ݕ ܽ݊݀ 				ܸ ൌ ܮܤܦ௦ 
Equation 10.4 substituted in 10.1 results in an equation used to 
calculate the volume energy for a pulsed laser heat source in SLM 
(Equation 10.5). 
10.5 
 
 ܧ௏ ൌ ௅ܲ ݐ௉௨௟௦∆ݕ ∆ݔ ܦ௦ 
where: PL  = laser power 
  tPuls = exposure time per pulse 
  ∆y  = hatch spacing 
  ∆x = point distance 
  Ds = layer thickness 
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A2 Real Layer Thickness and Filling Factor 
Derivation of the Real Layer Thickness 
Equation 3.11 (from Meiners et al [3]) is subsequently derived and 
explained to enable a better understanding. 
In SLM, a compaction of the powder takes place as a result of laser 
irradiation. Thus, the melting of the powder causes the volume of 
the powder layer to decrease. The volume reduction is carried out 
by reducing the layer thickness in the z direction by the amount d*. 
Consequently, the real layer thickness d* differs from the 
(theoretical) layer thickness d defined in the software.  
10.6 
 
 ݀∗ ൌ ݀ሺ1 െ ܽሻ 
where: d*= real layer thickness (melted) 
  d = theoretical layer thickness (powder) 
a = filling factor of the powder 
 
Thereafter, the build platform is lowered by z, which corresponds 
to the theoretical layer thickness d, and a new powder layer is 
applied. Consequently, the thickness of the next layer of powder to 
be processed increases to: 
10.7 
 
 ݀௜ ൌ ݖ ൅ ݀∗ 
where:  z = lowering of the base plate 
  d*= real layer thickness (melted) 
  di = thickness of the i’th layer 
If this consideration is repeated, the layer thickness as a function 
of the number of the applied layers results in a converging 
geometric row: 
10.8 
 
 
݀௜ ൌ ݖ෍ሺ1 െ ܽሻ௞
௜ିଵ
௞ୀ଴
 
 
where: di = thickness of the i’th powder layer 
  a = filling factor of the powder layer 
  z = lowering of the base plate 
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The derivation of the real layer thickness is shown in Figure 66. 
 
Figure 66 Overview of the derivation of the real layer thickness 
 
Equation 10.8 is checked for convergence according to Papula [42]. 
Here, q = 1-a is an auxiliary variable. In addition, q < 1, since 
a > 0. 
10.9 
 
 ݏ݁ݐ: ݍ ൌ 1 െ ܽ → ෍ݍ௞ ൌ ݏ௡	 
݌ܽݎݐ݈݅ܽ	ݏݑ݉ݏ:								ݏ௡ 	ൌ 1 ൅ ݍ ൅ ݍଶ ൅⋯൅ ݍ௡											ሺ1ሻ		 
																																								ݍݏ௡ ൌ ݍ ൅ ݍଶ ൅⋯൅ ݍ௡ ൅ ݍ௡ାଵ				ሺ2ሻ								 
								ሺ1ሻ െ ሺ2ሻ:							ݏ௡ ൌ 1 െ ݍ
௡ାଵ
1 െ ݍ 							→ 					 lim௡→ஶ ൌ
1
1 െ ݍ 
 
Substituting the result for n  ∞ back into Equation 10.8 results in 
a simple equation for calculating the real layer thickness according 
to: 
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10.10 
 
 ݀௜→ஶ ൌ ݖܽ 
The geometric series in Equation 10.8 converges relatively quickly 
to the constant value calculated with 10.10. For example, if a layer 
thickness of 30 μm is used (as in this work) and a filling factor of 
0.6 (typical for powder with the grain size distribution used in this 
work) is taken as basis, the layer thickness converges according to 
Equation 10.8 for n  ∞ to a real layer thickness of 0.5μm. This 
value is already reached after the first six layers. This finding is 
very important when it comes to the application of single tracks In 
order to mirror the build process as close to reality as possible. 
Experimental Determination of the Filling Factor 
In order to calculate the real layer thickness as described in 
Chapter 10.2.1, it is necessary to determine the filling factor a of a 
given powder first. The determination of the filling factor is carried 
out experimentally. By means of a measuring cup, a defined 
amount of powder is weighed. The determination of the filling 
factor is performed according to Equations 10.11 and 10.12. 
10.11 
 
 ߩ௣௢௪ௗ௘௥ ൌ
݉௣௢௪ௗ௘௥
௣ܸ௢௪ௗ௘௥
 
 
10.12 
 
 ܽ ൌ ߩ௣௢௪ௗ௘௥ߩ஼௢஼௥  
where: ρpowder = density of the powder 
  mpowder= weight of the powder 
  Vpowder= volume of the powder 
  ΡCoCr  = density of the solidified material [14] 
The results of the experimental study on the filling factor are 
summarized in Table 15. The result is a filling factor of 
approximately 0.6 and a real layer thickness according to 
Equation 10.10 of approximately 50 μm. 
Personal experience has demonstrated that the measuring cup 
method of determining the real layer thickness is sufficiently 
accurate. Thus, the error caused by the compression of the powder 
due to weight, gravity, or vibration is negligible. The resulting error 
due to measurement uncertainty is empirically estimated to be 
5 μm. 
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Table 15: Determination of the filling factor and the real layer thickness 
 Weight 
powder 
[g] 
Volume 
powder 
[cm³] 
Density 
powder 
[g/cm³] 
Fill factor 
[-] 
Real layer 
thickness 
[μm] 
Measurement 1 50.11 10 5.01 0.604 49.7 
Measurement 2 99.23 20 4.96 0.598 50.2 
Measurement 3 148.15 30 4.94 0.595 50.4 
Measurement 4 206.65 40 5.17 0.622 48.2 
    Mean 50.0 
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A3 Shape Factors 
Area and perimeter are the two parameters by which the size of an 
object can be described. In order to compare objects that vary in 
size, values are needed that are independent of the actual size of 
the object [43]. Table 16 shows a few examples for different 
objects. 
Roundness: Specifies how closely the shape of an object resembles 
a circle. The closer the value is to 1, the more round is the object. 
10.13 
 
 ܴ݋ݑ݊݀݊݁ݏݏ ൌ 4 ∙ ሾܣݎ݁ܽሿߨሾܯ݆ܽ݋ݎ ܣݔ݅ݏሿ² 
Circularity: Circularity is the ratio of the object surface to the object 
perimeter. The more circular an object is, the closer its value for 
circularity is to one. The measure circularity is more sensitive to 
small bumps that increase the perimeter than is the measure 
roundness. 
10.14 
 
 ܥ݅ݎܿݑ݈ܽݎ݅ݐݕ ൌ 4ߨ ∙ ሾܣݎ݁ܽሿሾܲ݁ݎ݅݉݁ݐ݁ݎሿ² 
Solidity: Solidity is the ratio of the surface of the object to the 
convex surface of the object (convex surface is defined by a 
convex hull of the object in question). The solidity indicates the 
compactness of an object or how much an object is fissured. 
10.15 
 
 ܵ݋݈݅݀݅ݐݕ ൌ ሾܣݎ݁ܽሿሾܥ݋݊ݒ݁ݔ ܣݎ݁ܽሿ 
Table 16 Circularity, roundness, and solidity of different shapes 
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A4 Experiment Data Sheets 
In this section, the experiment data sheets are listed. Every 
experiment data sheet corresponds to an experiment carried out 
for this work. The purpose of the experiment data sheets is to 
document the experiments and to note possible inconsistencies. 
Experiment 1: Variation of Parameters 
Figure 67 Experiment data sheet corresponding to Experiment 1 (page 1/2) 
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Figure 68 Experiment data sheet corresponding to Experiment 1 (page 2/2) 
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Experiment 2: Twincantilevers, Bridges, and Single Tracks 
Figure 69 Experiment data sheet corresponding to Experiment 2 (page 1/2) 
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Figure 70 Experiment data sheet corresponding to Experiment 2 (page 2/2) 
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Experiment 3: Tensile Specimen 
Figure 71 Experiment data sheet corresponding to Experiment 3 (page 1/2) 
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Figure 72 Experiment data sheet corresponding to Experiment 3 (page 2/2) 
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A5 Pictures of Builds 
Images of all constructed builds are depicted below. 
Figure 73 Top: Build 1 (cubes) to analyse density and microstructure 
Middle: Build 2 (Twincantilevers, bridges, and single tracks) to analyze the deformation due to 
residual stress and the weld pool shape 
Bottom: Build 3 (tensile blocks) to analyze mechanical properties 
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A6 CAD 
Build 1: Cube 
Figure 74 Technical drawing of parts used in Experiment 1 
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Build 2: Residual Stress 
Figure 75 Technical drawing of parts used in Experiment 2 
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Build 3: Tensile Blocks 
Figure 76 Technical drawing of parts used in Experiment 3 
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Build 3: Tensile Specimen 
Figure 77 Technical drawing of tensile specimen 
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A7 Measuring Data 
The measuring data used in this work is presented in this section. It 
contains screenshots of tables and additional pictures not shown in 
the main part of this work. 
Section 1 Density 
Figure 78 Results from the density study (variation of laser power and exposure time) 
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Section 2: Melt Pool – Single Tracks 
Figure 79 Melt pool area of the single tracks 
 
Figure 80 Melt pool width (top) and height (bottom) of the single tracks 
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Figure 81 Melt pool roundness, circularity and solidity of the single tracks 
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Section 2: Melt Pool – Skin Tracks 
Figure 82 Melt pool area skin tracks 
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Figure 83 Melt pool width and height of the skin tracks 
Figure 84 Melt pool roundness, circularity and solidity of the skin tracks 
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Section 3: Twincantilever 
Figure 85 Deformation of the twincantilever in z-direction 
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Section 4: Microstructure 
Figure 86 Optical light microscope images of the samples included in the parameter window 
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Figure 87 SEM Images of samples included in the parameter window (laser power variation) 
 
Figure 88 SEM Images of samples included in the parameter window (exposure time variation) 
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Figure 89 Results of EDS analysis (Chrome content left and Molybdenum content right) 
 
Figure 90 EBSD unique grain colour maps of samples included in the parameter window 
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Section 5: Tensile Test 
Figure 91 Stress-strain curves of tenile blocks 1 (top), blocks 2 (middle) and blocks 3 (bottom) 
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